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ABSTRACT
We investigate the dependence of galaxy structure on a variety of galactic and environ-
mental parameters for ∼500,000 galaxies at z<0.2, taken from the Sloan Digital Sky Survey
data release 7 (SDSS-DR7). We utilise bulge-to-total stellar mass ratio, (B/T)∗, as the pri-
mary indicator of galactic structure, which circumvents issues of morphological dependence
on waveband. We rank galaxy and environmental parameters in terms of how predictive they
are of galaxy structure, using an artificial neural network approach. We find that distance
from the star forming main sequence (∆SFR), followed by stellar mass (M∗), are the most
closely connected parameters to (B/T)∗, and are significantly more predictive of galaxy struc-
ture than global star formation rate (SFR), or any environmental metric considered (for both
central and satellite galaxies). Additionally, we make a detailed comparison to the Illustris
hydrodynamical simulation and the LGalaxies semi-analytic model. In both simulations, we
find a significant lack of bulge-dominated galaxies at a fixed stellar mass, compared to the
SDSS. This result highlights a potentially serious problem in contemporary models of galaxy
evolution.
Key words: Galaxies: formation, evolution, environment, structures, bulge, disk; star forma-
tion; observational cosmology
1 INTRODUCTION
Visual morphology is perhaps the earliest measurement of galax-
ies ever made (e.g., Hubble 1926). From these first observations
it became apparent that galaxies come in different morpholog-
ical types: disk-dominated structures, which frequently possess
bright spiral arms; and spheroidal ‘bulge’ structures, which have
generally smooth light distributions. Many galaxies contain both
of these components, i.e they are bulge + disk systems. In the
decades following this pioneering work, an industry of techniques
has emerged to quantify galaxy structure and morphology. Con-
temporary examples include: by-eye classifications (e.g., Lintott et
al. 2008, Nair & Abraham 2010, Mortlock et al. 2013, Bait et al.
2017); fitting mathematical functions to galaxy light profiles (e.g.,
Se´rsic 1963, Peng et al. 2002, Simard et al. 2002, Buitrago et al.
2008, 2013, Tarsitano et al. 2018); fitting component bulges and
disks in galaxies separately (e.g., Gadotti et al. 2009, Simard et al.
2011, Lang et al. 2014); non-parametric computational morpholo-
gies (e.g., Conselice 2003, Conselice et al. 2003, Lotz et al. 2004,
2008, Conselice, Yang & Bluck 2009, Pawlik et al. 2016); mea-
suring the masses of galactic structural components (e.g., Mendel
et al. 2014); machine learning techniques (e.g., Huertas-Company
et al. 2008, 2011); and, most recently, structural kinematics (e.g.,
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Forster Schreiber et al. 2009, 2011, Falcon-Barroso et al. 2017, van
de Sande 2017).
Ultimately, the reason why galaxy morphology and structure
are so frequently studied in modern extragalactic astrophysics is
because the distribution of light (and even more so mass) reveals
significant information about the kinematics, formation mode, and
evolutionary history of galaxies (e.g., Cole et al. 2000, Steinmetz
& Navarro 2002, Conselice 2003, Kormendy & Kennicutt 2004,
Forster Schreiber et al. 2009, Brennan et al. 2017). More specifi-
cally, disk-dominated morphologies indicate rotationally supported
stellar kinematics and most probably quiescent evolutionary histo-
ries with few significant mergers. Alternatively, bulge-dominated
morphologies indicate pressure supported stellar kinematics (ran-
dom orientation of stellar orbits) with more active merger histories
and/or violent relaxation episodes (e.g., Toomre & Toomre 1972,
Barnes & Hernquist 1992, Burkert & Naab 2005, Stewart et al.
2009, Hopkins et al. 2008, 2010, Law et al. 2012).
In N -body simulations, the merger of two disk galaxies has
long since been known to lead to the growth of a spheroidal com-
ponent (e.g. Toomre & Toomre 1972, Barnes & Hernquist 1992).
However, if the merging galaxies are gas rich, disks can reform dur-
ing and after the merger event as well (e.g., Burkert & Naab 2005,
Stewart et al. 2009, Hopkins et al. 2010, Mitchell et al. 2014). Thus,
the relative importance of (major) merging and secular evolution
(e.g. violent disk instabilities) in forming galactic bulges and ellip-
tical galaxies remains hotly debated today.
Observationally, the structural type of galaxies varies as a
strong function of stellar mass, environment, star formation/ colour,
and epoch. Specifically, higher mass galaxies exhibit preferentially
bulge-dominated stellar structures, whereas lower mass galaxies
are most frequently disk-dominated (e.g., Bernardi et al. 2010, Vul-
cani et al. 2011, Huertas-Company et al. 2013, Shibuya et al. 2015,
Thanjavur et al. 2016). Galaxies residing in higher density environ-
ments are more frequently bulge-dominated than galaxies in lower
density environments (Dressler et al. 1980, Postman et al. 1984,
Dressler et al. 1994, Postman et al. 2005, Cappellari et al. 2011),
even at a fixed stellar mass (Goto et al. 2003, Tasca et al. 2009).
Quenched (passive / non-star forming) and red galaxies are
found to have higher Se´rsic indices, light concentrations, and
B/T ratios (by light and mass) than star forming/ blue galaxies
(Cameron et al 2009, Bell et al. 2012, Cheung et al. 2012, Fang
et al. 2013, Bluck et al. 2014, Omand et al. 2014, Lang et al. 2014,
Woo et al. 2015, Bluck et al. 2016, Teimoorinia et al. 2016). Fur-
thermore, within a fixed stellar mass range, the fraction of disk-
dominated galaxies increases substantially with redshift (e.g., Scar-
lata et al. 2007, Bundy et al. 2010, Bluck et al. 2012, Buitrago et
al. 2013, Mortlock et al. 2013, Shibuya et al. 2015). Thus, the mor-
phological (or structural) type of galaxies is closely connected with
a host of other galactic and environmental parameters, and hence
it is very difficult to isolate which correlations are causal in ori-
gin and which are merely incidental (i.e. the result of other more
fundamental relationships).
A primary focus of this paper is to rank galaxy and environ-
mental parameters in terms of how predictive they are of galactic
structure. Although correlation does not imply causation, it is hard
to envisage the existence of causation without ensuing correlation
of some sort. Hence, exploring how galactic and environmental pa-
rameters are correlated with galaxy structure is a logical first step
in searching for the causal origins of the features found within the
data. Ultimately, the success or failure of specific galaxy evolution
models to account for the correlations observed in the galaxy popu-
lation will be the most constraining aspect of our investigation with
respect to causality.
Theoretically, there are currently two principal approaches
used for modelling the formation and evolution of galaxies within a
cosmological setting: 1) semi-analytic models (SAMs), which sim-
ulate galaxy evolution from a coupled set of differential equations
built upon the framework of a dark matter only N -body simula-
tion of structure formation (e.g., Cole et al. 2000, Croton et al.
2006, Bower et al. 2006, 2008, Somerville et al. 2008, Guo et al.
2011, Henriques et al. 2015, 2017, Brennan et al. 2017); and 2) cos-
mological hydrodynamical simulations, which simulate the gravi-
tational physics (solving the Poisson equation) and the hydrody-
namics (solving the Euler equation) simultaneously (e.g., Vogels-
berger et al. 2014a,b, Schaye et al. 2015). In addition to cosmolog-
ical simulations and SAMs, idealised hydrodynamical simulations
of galaxies, groups and clusters, as well as high-resolution zoom-in
simulations are utilised to test and explore the physics of galaxy
evolution (e.g., Moreno et al. 2015, Hopkins 2015, Hopkins et al.
2016).
Recently, both SAMs and cosmological hydrodynamical sim-
ulations have achieved generally good agreement with observations
for the multi-epoch stellar mass function of galaxies, the star form-
ing main sequence, and the star formation history of the Universe
(e.g. Vogelsberger et al. 2014a,b, Schaye et al. 2015, Somerville
et al. 2015, Henriques et al. 2015, 2017)1. However, it remains
unclear to what extent the detailed distributions of galaxy struc-
ture and morphology are reproduced by contemporary models (al-
though see Wilman et al. 2013, Brennan et al. 2017 and Bottrell et
al. 2017a,b for some early results along these lines). As such, one
of the primary motivations for this paper is to address whether or
not the structures of simulated galaxies resemble observations.
The goal of this paper is to make a detailed statistical analy-
sis of the key dependencies of galaxy structure on other physical
observables in galaxies, particularly: stellar mass, dark matter halo
mass, central - satellite classification, specific star formation rate,
local galaxy over-density, and group centric distance (for satellites).
We rank these parameters in order of how important they are for
determining galaxy structure, via an artificial neural network ma-
chine learning technique. We also make a careful comparison to
the LGalaxies model (Henriques et al. 2015) and the Illustris hy-
drodynamical simulation (Vogelsberger et al. 2014a).
Throughout the paper, we utilise bulge-to-total stellar mass ra-
tio, (B/T)∗, as the primary indicator of galactic structure (derived
in Mendel et al. 2014). This parameter represents a significant im-
provement over many previous studies because it circumvents is-
sues related to the dependence of galaxy morphology on observed
wavelength. For some analyses we also consider the B/T ratio by
optical light in the u, g, r, i SDSS bands (derived in Simard et al.
2011 and Mendel et al. 2014). The stellar mass, bulge mass and
disk mass functions for our sample are presented in Thanjavur et al.
(2016), along with the dependence of B/T structure on stellar mass.
Here we expand on that prior work by incorporating a much larger
variety of galactic and environmental parameters into our structural
analysis, ranking these parameters in terms of how connected they
are to galaxy structure, and performing a detailed comparison to
two simulations.
The paper is organised as follows: Section 2 provides a sum-
1 It is important to note that the good agreement with these diagnostics is
achieved partly by construction, since the simulations frequently tune their
feedback model to recover these trends.
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mary of our data sources and the methods used to derive various
galactic and environmental parameters. In Section 3 we present
our observational results for the SDSS, including general trends
between structure and stellar mass, halo mass, local density and
specific star formation rate. In Section 4 we rank the galaxy and
environmental parameters considered in this paper in terms of how
predictive they are of galaxy structure. In Section 5 we compare our
primary observational results to the LGalaxies SAM (Henriques
et al. 2015) and the Illustris hydrodynamical simulation (Vogels-
berger et al. 2014a). In Section 6 we provide a discussion of our
results within the broader scientific context, and in Section 7 we
give a brief summary of the paper. In the appendix we provide
more details on the reliability of the bulge-disk decompositions;
a comparison of structure measured in optical wavebands to struc-
ture measured by mass; and show some additional scientific anal-
yses. Throughout the paper we assume a ΛCDM cosmology with
the following parameters: {ΩM , ΩΛ, H0} = {0.3, 0.7, 70 km s−1 /
Mpc}, and adopt AB magnitude units.
2 DATA OVERVIEW & PARAMETER ESTIMATION
2.1 SDSS – Structural Parameters, Stellar Masses &
Statistics
We use as our primary observational sample the SDSS DR7
(Abazajian et al. 2009). We select galaxies at 0.02 6 z 6 0.2
with stellar masses in the range 8 6 log(M∗/M) 6 12. Addi-
tionally, we require that all galaxies have successful measurements
of stellar mass, B/T structures, star formation rates and group des-
ignation (true for > 90% of the full dataset). This yields a sample
of 538 046 galaxies (423 480 centrals and 114 566 satellites). This
is the same sample as analysed in Bluck et al. (2014, 2016) and it
is thoroughly discussed in these prior publications, so we give only
an overview of the most relevant aspects of the data and parameter
estimation here.
We utilise stellar masses for galaxies, bulges and disks from
the publicly available Mendel et al. (2014) component mass cat-
alogue2 and utilise B/T morphologies (by light) and other struc-
tural parameters from the Simard et al. (2011) GIM2D photomet-
ric catalogue3. Bulge - disk decompositions are performed using
the GIM2D package (Simard et al. 2002) assuming an exponential
(n = 1) disk and a de Vaucouleurs (n = 4) bulge. Attempts to fit
the SDSS data with a free Se´rsic bulge component led to a lack of
convergence in a significant fraction of cases, hence the choice of
fixing the bulge Se´rsic index. Calibrations to deal with potential bi-
ases incurred from utilising a fixed bulge component are discussed
below (and in Appendix A). The masses of galaxies and their struc-
tural sub-components (bulges and disks) are derived through SED
fitting to model spectra. Full details on the bulge-disk decomposi-
tions in optical SDSS bands are provided in Simard et al. (2011)
and full details on the stellar mass derivation of galaxies and struc-
tural sub-components are provided in Mendel et al. (2014).
Considerable effort is expended in the above references, and
also in the appendices of Bluck et al. (2014), to test the reliability of
the bulge - disk decompositions through the recovery of simulated
galaxy light profiles. From this we find a mean error of 〈(B/T)err〉
∼ 0.2 per galaxy, which is more than sufficient to separate galaxies
into structural types. Furthermore, given that we typically consider
2 http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=J/ApJS/210/3
3 http://cdsarc.u-strasbg.fr/viz-bin/Cat?J/ApJS/196/11
the average structures of groupings of thousands of galaxies, this
leads to a very accurate determination of the group structure (from
the 1/
√
N improvement in accuracy of the error on the mean). A
summary of prior tests on the reliability of our bulge-disk decom-
positions is provided in Appendix A1. Additionally, in Appendix
A2 we consider the effect of observational depth on the recovered
B/T values (see Bottrell et al. 2018 for the full analysis).
The statistical error on the stellar masses of bulges and disks
are estimated to be∼ 0.1 dex in Mendel et al. (2014). The full stel-
lar mass error is estimated to be ∼ 0.2 dex in Mendel et al. (2014)
and Thanjavur et al. (2016), taking into account a range of potential
systematics including the choice of the initial mass function (IMF),
extinction law, and the age of the stellar populations. The fact that
we use a fixed (n = 4) bulge model leads to two further issues: 1)
galaxies with low Se´rsic index (n∼ 2) pseudo-bulges (e.g., Gadotti
2009, Kormendy et al. 2010) may be fit as a disk + a small classical
bulge component erroneously; and 2) elliptical galaxies with very
high Se´rsic index (n > 4) may result in a spurious disk component
being fit alongside the classical bulge to account for extra light at
the centre, and in the wings of the galaxy.
Although the first issue can be very serious in optical light,
pseudo-bulges are typically very blue compared to classical bulges
and hence have relatively low mass-to-light ratios (e.g., Mendel et
al. 2014, Bluck et al. 2014). Thus, in our stellar mass derived B/T
structure, pseudo-bulges lead to very low mass classical bulge es-
timates, which is essentially correct (see Appendix A, Mendel et
al. 2014 and Bluck et al. 2014 for further details). Moreover, in
our testing of the sub-sample which is fit successfully with a free
Se´rsic bulge model, the presence of pseudo-bulges is exclusively
associated with disk-dominated systems, alleviating concerns of
catastrophic misclassification here (see also Lackner & Gunn 2012
for more discussion on pseudo-bulges). In the case where both a
pseudo-bulge and a classical bulge is present, our techniques will
primarily be sensitive to the classical bulge structure, as desired for
the science goals of this paper.
The second issue, however, is potentially a much more seri-
ous problem, whereby some elliptical galaxies will be erroneously
fit as bulge + disk systems. A method to identify, and correct for,
‘false disks’ in the morphological and structural fits was developed
in Bluck et al. (2014) and refined in Thanjavur et al. (2016). Specif-
ically, the probability of a given disk component being spurious
(PFD) is computed as a function of the axis-ratio of the galaxy
(b/a), the difference in (g − r) colour between the bulge and the
disk (∆(g − r)b,d), and the Se´rsic index from a single Se´rsic fit
(n). Following the findings of Bluck et al. (2014) and Thanjavur
et al. (2016), we set the disk mass to zero in any galaxies with
PFD > 0.2, provided they are bulge dominated (B/T > 0.5) and
have a high probability of being a pure Se´rsic profile in the origi-
nal photometric fit as well (PpS > 0.32). Furthermore, we then set
the bulge mass equal to the total stellar mass of the galaxy derived
from a single (free) Se´rsic fit. This method effectively removes false
disks from the sample.
Throughout the paper, we use as our primary definition of
galaxy structure the bulge-to-total stellar mass ratio, defined as:
(B/T)∗ ≡
Mbulge
M∗
=
Mbulge
Mbulge +Mdisk
= 1−D/T (1)
where Mbulge is the stellar mass of the bulge component, Mdisk is
the stellar mass of the disk component, and M∗ is the total stellar
mass of the galaxy (= Mbulge + Mdisk in our bulge-disk decom-
position model). In the mass catalogue of Mendel et al. (2014) the
total stellar mass of each galaxy is also derived from a joint bulge
c© 0000 RAS, MNRAS 000, 000–000
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+ disk SED fit (Mbd). In the vast majority of cases (> 90%) these
two definitions agree within 1σ of the statistical error, and hence
the masses are internally consistent. In all of our analyses we re-
move the few cases where this is not the case, as in Bluck et al.
(2014, 2016) but unlike in Thanjavur et al. (2016), where B/T ra-
tios were estimated from i-band magnitudes for the components in
the discrepant cases, in order to achieve completeness for the mass
functions. The galaxies with discrepant masses are not obviously
biased to any mass or structure and thus removing them from the
sample will not engender any significant systematic effects on the
results of this work (which we confirm by checking that our results
are insensitive to this minor population).
Our definition of galactic structure has a number of important
advantages over similar parameters used in prior studies. Crucially,
we use a definition of galaxy structure which is sensitive to stel-
lar mass, not optical light as has most frequently been used in the
past (e.g., Driver et al. 2006, Forster-Schreiber et al. 2011, Bell et
al. 2012, Buitrago et al. 2013, Lange et al. 2015, Bait et al. 2017).
This is critical when comparing to parameters related to star forma-
tion and colour, since a small fraction of bright / blue massive stars
can dominate the optical morphology of entire galaxies, obscur-
ing the underlying mass distribution. Although clearly a significant
improvement over photometric morphologies in a single waveband,
our stellar mass B/T ratios may still be affected by errors in the SED
fitting of highly star forming systems (see Sorba et al. 2015). How-
ever, since the vast majority of SDSS galaxies are forming stars at
main sequence levels or (substantially) below, these issues will not
dominate any of our results or conclusions.
The majority of galaxies in our sample are found to host sub-
stantial disk and bulge components (each contributing at least 20%
of the stellar mass) and hence a single parameter, e.g. Se´rsic index,
would miss much of the complexity contained in the structures and
mass-distributions of galaxies. Moreover, in Mendel et al. (2014)
and Simard et al. (2011) the F -statistic is used to construct the
probability of a galaxy being fit better with a two-component model
than a single Se´rsic profile, taking into account the statistical ex-
pectation to do better with more free parameters. Here again, the
majority of our sample is found to host two structural components.
For a few analyses (particularly in comparing to the Illustris
simulation) we also consider the B/T ratios of galaxies in optical
wavebands. These are defined as:
(B/T)X ≡
Lbulge,X
Lgal,X
=
Lbulge,X
Lbulge,X + Ldisk,X
= 1− (D/T)X (2)
where X = {u, g, r, i} optical SDSS wavebands, and, for exam-
ple, Lbulge,X indicates the ‘X’-band luminosity of the bulge com-
ponent. In general, B/T values measured in optical wavebands are
more closely connected with optical morphology (as studied clas-
sically by the Hubble sequence, Hubble 1926), whereas B/T struc-
tures by mass are more closely connected with the kinematics of
galaxies. A comparison of our results for optical wavebands and
mass ratio structure is given in Appendix B.
In order to account for the flux limit of the SDSS, we weight
all statistics by the inverse of the volume over which any given
galaxy would be visible in the survey (1/Vmax). The volume of
visibility is a strong function of both stellar mass and colour (see
Mendel et al. 2014). This weighting effectively removes the flux
limit selection bias of the SDSS, and yields results on statistics as
expected for a volume limited sample (see, e.g., Thanjavur et al.
2016 for the stellar mass functions). As an example, one of the
main statistics we use to probe the structural dependence on other
galaxy properties is the fraction of bulge dominated galaxies, which
is defined as:
fbd,j =
∑
i
(
(1/Vmax)i[(B/T)i > 0.5]
)
∑
i
(
(1/Vmax)i[ALL]
) (3)
which represents the ratio of the sum of volume weights for bulge
dominated galaxies and the sum of volume weights for all galax-
ies in each binning (j). Similarly, the fraction of disk dominated
galaxies is defined as:
fdd,j =
∑
i
(
(1/Vmax)i[(B/T)i < 0.5]
)
∑
i
(
(1/Vmax)i[ALL]
) = 1− fbd,j (4)
We compute all errors on the structural fractions using a Monte
Carlo simulation, where we re-sample the data by taking 100 ran-
dom draws from a Gaussian distribution centred on each B/T value
in the bin, with a dispersion set by the error on each B/T value.
We also re-sample the data of whichever galaxy property the struc-
tural fraction is plot against (e.g., stellar mass, local density etc.).
Thus, we perform anX-Y axis random Gaussian re-sampling of all
the relevant measurements, within their errors. We then recompute,
e.g., the fbd and fdd statistics for each re-sampling of the full data,
taking the mean of the set as our final bin value and the 1σ error as
the standard deviation across the set.
In this study we benefit from an extremely large sample of
over half a million galaxies with reliable bulge-disk decomposi-
tions, representing a wide range of galaxy masses, star formation
rates, and environments. As such, our current sample is ideal for
the purpose of investigating precisely which factors matter for the
growth of galactic structure in the local Universe.
2.2 SDSS – SFRs, Group Catalogues & Environment
Star formation rates (SFRs) are calculated for the SDSS sample
in Brinchmann et al. (2004) using two approaches: 1) For emis-
sion line galaxies (with S/N > 3), which are not selected as ac-
tive galactic nuclei (AGN) by the Kauffmann et al. (2003) line ra-
tio cut on the Baldwin, Phillips & Terlevich (1981) emission line
diagnostic diagram, SFRs are measured from extinction corrected
emission lines (inHα,Hβ ,O[III], andN [II]). These galaxies are
defined as ’star forming’. For a review on deriving SFRs from emis-
sion lines see Kennicutt (1998). 2) For non-emission line galaxies
(and emission line galaxies that are identified as AGN), SFRs are
deduced from the empirical relationship between specific star for-
mation rate (sSFR = SFR / M∗) and the strength of the 4000A˚
break (Dn4000). For both methods an aperture correction is ap-
plied, based on the colour and magnitude of light in each galaxy,
outside of the spectroscopic fibre. See also Bluck et al. (2014, 2016)
for more discussion on the SFRs of this sample, where we con-
clude that the aperture correction does not lead to any significant
bias on our results by comparison to photometrically derived SFRs
and dust corrected colours. SFRs for star forming galaxies are mea-
sured directly, whereas SFRs for passive galaxies are only reliably
defined to be low in value. This fact must be taken into account
when comparing in detail to simulations and models, which have
an arbitrarily high accuracy in SFR, even at low values.
In this paper we use group catalogues from Yang et al. (2007,
2008, 2009), from which we define central galaxies to be the most
massive galaxy in the group, and satellite galaxies to be any other
c© 0000 RAS, MNRAS 000, 000–000
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group member. Groups are inferred from a friends-of-friends al-
gorithm with a linking length tuned by dark matter halo simula-
tions (Springer et al. 2005). Note that groups may contain only one
galaxy, whereupon the sole galaxy in the group is dubbed the cen-
tral of its group of one. In this sense, the terms central and satel-
lite pertain to location within a dark matter halo, not necessarily
a group as one would normally define it. In most cases there is a
clear most massive galaxy; however, in some cases (most notably
for intermediate mass groups) the separation between centrals and
satellites is less certain. Ultimately, the impact of this on our results
is to slightly reduce the impact of being a satellite relative to a cen-
tral in this regime. Extensive testing of the group finding algorithms
on simulated data demonstrate that atMhalo > 1012M, over 90%
of galaxies are correctly assigned to groups (Yang et al. 2007). We
utilise halo masses from these catalogues, which are derived from
an abundance matching technique applied to the total stellar mass in
the group (see Yang et al. 2007, 2009 for full details). More specif-
ically, the group halo mass is defined as the M200 virial mass, i.e.
the mass contained within the virial radius (R200), which is inferred
by fitting to a Navarro, Frenk & White (1997, NFW) profile.
As an additional measurement of environment, we consider
the projected distance each satellite resides at from its central
galaxy, and express this in units of the virial radius:
Dcc =
Rcc[kpc]
R200[kpc]
(5)
where cc indicates ‘cluster centric’, but it is understood that this
definition applies equally to groups as well.
We also consider the local density of (other) galaxies around
each galaxy in our sample as another useful measurement of en-
vironment. Specifically we employ the normalised over-density of
galaxies (as in Baldry et al. 2006), which is defined as:
δn =
Σn
〈Σn(z ± δz)〉 (6)
where,
Σn =
n
pir2p,n
(7)
rp,n is the projected distance to the nth nearest neighbour within
a 1000 km/s radial velocity bin. 〈Σn(z ± δz)〉 indicates the mean
density of galaxies at each δz slice, where we set δz = 0.01. In this
study we mostly take n = 5, i.e. we compute the distance to the 5th
nearest neighbour. However, we also consider values of n = 3 and
10 in the machine learning analysis (Section 4).
2.3 Simulations – LGalaxies & Illustris
We compare our observational results from the SDSS to the latest
version of the Munich model of galaxy formation (LGalaxies, Hen-
riques et al. 2015; earlier versions - Kauffmann et al. 2000, Croton
et al. 2006, De Lucia et al. 2009, Guo et al. 2011), and to the Illus-
tris cosmological hydrodynamical simulation (Vogelsberger et al.
2014a,b). Full details on these datasets are provided in the above
references.
In order to ensure a fair comparison to these simulated data,
we select the appropriate z∼ 0 snapshot for each. Considerable ef-
fort is made to compare like qualities between the simulations and
the SDSS. For example, halo masses are defined as M200 in all;
distances of satellites to centrals are given in units of the virial ra-
dius (R200); local densities are computed as relative over-densities
based on each sample; and stellar, bulge and disk masses from the
SDSS are compared to the same quantities in LGalaxies. However,
for Illustris, the masses of structural components are not available
via SED fitting at this time. As such, we compare to photometri-
cally derived B/T values from Bottrell et al. (2017a,b), performed
in r-band for both the SDSS and Illustris. Furthermore, we also
compare the SDSS mass weighted B/T ratios to kinematically de-
rived B/T ratios in Illustris. Our results for both of these approaches
are consistent. Further details on the simulations are provided in
Section 5.1.
3 OBSERVATIONAL RESULTS
The goal of this paper is to explore how galaxy structure is con-
nected to a wide variety of other galactic and environmental pa-
rameters. We then aim to assess how well the observed trends are
reproduced in modern simulations (see Section 5).
3.1 Pedagogical Overview
In this sub-section, we begin with a general presentation of how our
structural parameter (B/T)4 varies throughout two key diagnostic
plots. This has been investigated before (e.g., Moster et al. 2010,
Wuyts et al. 2011). However, our motivation to include it here is
twofold: 1) Understanding how B/T structure varies as a function
of other well-known relationships is important to interpreting our
novel results later in this section and in Sections 4 - 5. As such, it
provides a useful pedagogical introduction to readers less familiar
with the literature on galaxy structures. And, 2) Although the vari-
ation in galaxy structure has been studied across the star forming
main sequence and halo mass - stellar mass relationship before, it
has never been performed with a stellar mass definition of structure,
or for a sample as large and complete as the SDSS DR7.
In Fig. 1 (left panel) we show the star forming main sequence
(SFR - M∗ relation, e.g. Brinchmann et al. 2004) for all galaxies
in our sample, colour coded by mean B/T in each hexagonal bin.
There is clear bimodality in this plot, as evidenced by the density
contours, with an upper star forming ‘main sequence’, and a lower
‘quenched’ population of passive galaxies (as seen in, e.g., Strateva
et al. 2001, Baldry et al. 2006, Peng et al. 2010, 2012) . The solid
black line indicates the median SFR - M∗ relation, which transi-
tions from the star forming main sequence to the passive/ quenched
population at M∗ ∼ 1010.5M. The blue dashed line indicates
a least squares fit to the star forming main sequence, and the red
dashed line indicates the threshold of quenched systems, located at
the minimum of the density contours.
Star forming galaxies in Fig. 1 have noticeably lower B/T ra-
tios than quenched galaxies at the same stellar mass, with a mean
difference of ∆(B/T )SF |Q ∼ 0.4 . In fact, the majority of star
forming galaxies are disk dominated (B/T < 0.5) and the major-
ity of quenched systems are bulge dominated (B/T > 0.5). There-
fore, it is clear that structural transformation of galaxies from disk-
dominated to bulge-dominated systems, and quenching from star
forming to passive systems are closely related galactic processes
(as previously argued for in Cameron et al. 2009, Bell et al. 2012,
Bluck et al. 2014, Lang et al. 2014, Omand et al. 2014, Bluck et
al. 2016). Crucially, it should be stressed here that this close link
4 Throughout the results section we adopt the following convention:
B/T ≡ (B/T)∗. However, in other sections we occasionally consider al-
ternative photometric definitions of B/T.
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Figure 1. Left panel: The star forming main sequence (SFR−M∗ relation) for all local (z ∼ 0.1) SDSS galaxies. Right panel: the stellar mass - group halo
mass relationship for central (main plot) and satellite (inset) galaxies. Both panels are colour coded by the mean bulge-to-total stellar mass ratio (B/T) in each
hexagonal bin, and we indicate the median relationship with a solid black line. In the left panel, star formation separates out into two distinct regions, with
star forming systems having disk-dominated structures (low B/T, bluer colours) and quenched systems having bulge-dominated structures (high B/T, redder
colours). We also note a more subtle increase in B/T for each population with increasing stellar mass. In the right panel, increasing stellar and halo mass leads
to higher B/T ratios in centrals, whereas in satellites B/T varies predominantly as a function of stellar mass.
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Figure 2. The B/T -M∗ relationship, shown as density contours for the full
population (black line contours), star forming systems (blue shaded con-
tours) and quenched systems (red shaded contours). The full distribution
of SDSS galaxies is clearly highly bimodal, whereas the star forming and
quenched systems are each uni-model, although for quenched systems there
is a pronounced power law tail to lower B/T and M∗ values.
between structure and star formation is not a result of differential
disk fading due to quenching, because our structural metric is sen-
sitive to stellar mass, not optical light. Hence, quenched galaxies
are structurally different to star forming galaxies, not just in visual
morphology, which implies that a different set of physical processes
must be responsible for each population.
In Fig. 1 (right panel) we show the stellar mass - halo mass
relation (e.g. Moster et al. 2010), for central galaxies (main plot)
and satellite galaxies (inset). Central galaxies are defined as the
most massive galaxies in each group, with satellites being any other
group members. In both plots the solid black line indicates the me-
dian relation, and the faint black lines are density contours. As with
the star forming main sequence, we colour code each hexagonal bin
in the M∗ −Mhalo relation by mean B/T.
For central galaxies, there is a very strong dependence of stel-
lar mass on halo mass up to Mhalo ∼ 1012.5M, where the re-
lationship becomes noticeably less steep. The ‘knee’ in this rela-
tion is a result of two physical effects - 1) quenching of high mass
galaxies and 2) the formation of clusters, where individual merg-
ing timescales for low mass satellite galaxies with their high mass
centrals reach beyond the Hubble time. Low mass centrals (in stel-
lar and halo mass) are predominantly disk dominated (low B/T),
whereas high mass centrals are predominantly bulge dominated
(high B/T). For satellite galaxies (inset), there is a much weaker
dependence of stellar mass on group halo mass, which is expected
since, in general, satellites form in their own sub-haloes. For satel-
lites, B/T varies most strongly with stellar mass, not halo mass,
as can be seen by colours shifting from blue to red vertically and
not horizontally on the right panel inset of Fig. 1. This implies that
stellar mass is more important than halo mass for establishing bulge
structures in satellites (we quantify this in Section 3.2).
In Fig. 2, we show the B/T - M∗ relation for all galaxies as
a density contour map. This 2d-distribution is evidently highly bi-
modal - with a density peak at low stellar masses and low B/T ratios
and another density peak at high stellar masses and high B/T ratios.
There is clearly a correlation between stellar mass and B/T but it
is very broad, i.e. there is a large range in galaxy structures at any
given mass. We separate the sample into actively star forming and
quenched systems via a cut in sSFR at 10−2 Gyr−1. Unlike the
full galaxy population, star forming and quenched galaxies, sepa-
rately, are uni-model in their distribution in the B/T - M∗ plane.
However, the quenched systems do exhibit a power-law like tail to
lower stellar masses and B/T ratios. Given that the quenched con-
tours are essentially co-located with the high B/T mode, and that
the star forming contours are essentially co-located with the low
B/T mode, it is reasonable to identify (to first order at least) the
two modes in the B/T - M∗ plane with star forming and quenched
systems (see also Cameron et al. 2009, Bell et al. 2011 & Bluck et
al. 2014).
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3.2 Main Observational Trends
In this sub-section we present the main observational trends of B/T
with various galaxy properties. We sub-divide our analysis into cen-
tral and satellite galaxies throughout, which exposes the similari-
ties and differences in these populations’ structural dependence on
other galactic and environmental parameters.
In Fig. 3 we show the mean B/T ratio as a function of, from
top left to bottom right: stellar mass, halo mass, local density and
sSFR. The width of each line represents the 1σ error from the stan-
dard error on the mean, and the light shaded region indicates the
standard deviation at each binning of the X-axis variable. We ad-
ditionally present in Fig. 3 a set of statistics computed separately
for centrals and satellites. Specifically, we compute the strength of
correlation (ρ) from the Spearman rank correlation coefficient, the
average dispersion (〈σ〉), the value of the X-coordinate parameter at
which B/T = 0.5 (indicating values above or below which galaxies
are typically bulge or disk dominated), and finally, the average dif-
ference in B/T between centrals and satellites at fixed X-coordinate
variables.
In the top left panel of Fig. 3, we find a positive dependence of
B/T on stellar mass for both centrals and satellites (with a moder-
ately strong correlation of ρ = 0.55 for centrals and slightly weaker
correlation of ρ = 0.47 for satellites). The crossover mass (i.e.
the stellar mass at which there is an average B/T ratio of 0.5, and
hence higher masses lead to typically bulge-dominated systems and
lower masses lead to typically disk-dominated systems) occurs for
centrals at Mcens.∗,cross ∼ 2 × 1010M and for satellites at a slightly
lower mass ofM sats.∗,cross ∼ 1.3×1010M. Another way of describ-
ing this subtle difference between centrals and satellites, is that the
fraction of bulge dominated galaxies is slightly higher for satellites
than centrals, and on average is 〈∆(B/T )∗〉 ∼ −0.03.
In the top right panel of Fig. 3, we find a positive dependence
of B/T on halo mass for both centrals and satellites. However, the
correlation is much stronger for centrals (ρ = 0.51) than for satel-
lites (ρ = 0.17). For centrals, the correlation between halo mass and
B/T is comparably strong to that of stellar mass and B/T; whereas,
for satellites, the correlation between B/T and halo mass is much
weaker than between B/T and stellar mass. This result is interesting
because it highlights that the two populations have structures which
scale very differently with the mass of the dark matter halo they are
in. Furthermore, the mean B/T values of satellites are significantly
lower than that of centrals at a fixed halo mass (on average by ∼
0.3).
An explanation for these differences can be found by noting
the strong relationship between stellar and halo mass for centrals,
which is absent for satellites (see Fig. 1). If it is ultimately stellar,
rather than halo, mass which drives the growth of bulge structure,
a strong correlation between halo mass and B/T for centrals and a
weak correlation for satellites is expected. Furthermore, given that
centrals are by definition the most massive galaxies in a given halo
mass, it is natural to expect they will have higher B/T values than
satellites in the same dark matter halo, if stellar mass is the primary
delineator of galaxy structure. The crossover halo mass for cen-
trals occurs at∼ 1012M, below which centrals are predominantly
disk-dominated and above which centrals are predominantly bulge-
dominated. Satellites, however, never fully cross the B/T = 0.5 line,
except possibly at the highest halo masses:> 1014.5M, and hence
are predominantly disk-dominated in all groups and clusters.
In the bottom left panel of Fig. 3, we show the dependence
of B/T on local over-density evaluated at the 5th nearest neigh-
bour for centrals and satellites. Central and satellite galaxies look
qualitatively similar on this plot, with both experiencing a gradual
increase in B/T at low-to-intermediate over-densities, which steep-
ens markedly in gradient at δ5 > 10. We find that local density is
only very weakly correlated with galaxy structure at low to inter-
mediate densities, but becomes significantly more correlated with
structure in very high over-density environments. Interestingly, in
this plot we notice the same effect as in the B/T - halo mass relation,
whereby central galaxies are preferentially more bulge-dominated
(by on average 〈(B/T )∗〉 ∼ 0.08) throughout the large dynamic
range in over-densities explored here.
Finally, in the bottom right panel of Fig. 3, we show the depen-
dence of B/T structure on sSFR for central and satellite galaxies.
Both populations of galaxies exhibit the strongest correlations wit-
nessed in Fig. 3 with sSFR (ρ = -0.61, -0.52 for centrals and satel-
lites, respectively). In this case the correlations are negative, such
that higher sSFR values lead to lower B/T values. As with stellar
mass, the correlation between sSFR and B/T is stronger for centrals
than satellites. Moreover, central galaxies are offset to higher bulge
fractions than satellite galaxies, by on average ∼ 0.06. The region
of this plot where quenched galaxies reside is shown as shaded be-
cause the SFRs for this sub-population are inferred indirectly (from
the strength of the 4000 A˚ break in Brinchmann et al. 20045).
In summary of Fig. 3, we find strong correlations between stel-
lar mass determined B/T ratio and stellar mass, sSFR and halo mass
(for centrals), with significantly weaker correlations with halo mass
for satellites and local density for all galaxy types. These results
suggest that stellar mass and sSFR are closely connected to the
growth of bulge structures in all galaxy types. Furthermore, cen-
tral and satellite galaxies vary their structures in a similar manner
with stellar mass, but exhibit significant differences as a function of
halo mass. These differences may be explained if galaxy structure
is better constrained by stellar mass than environment.
3.3 Structural Dependence at a Fixed Stellar Mass –
Environment & Star Formation
Given the strong dependence of B/T structure on stellar mass for
both central and satellite galaxies (Fig. 3, top-left panel), in this
sub-section we look for statistical deviations from the mean B/T -
M∗ relation for different galaxy populations as a function of other
parameters. This approach will expose any additional, more subtle,
dependencies on galaxy structure, after first carefully removing the
strong dependence on stellar mass.
To investigate the impact of parameters on galactic structure
formation at a fixed stellar mass we define a new statistic for each
galaxy in our sample as follows:
∆(B/T)∗,j ≡ (B/T)∗,j −med
(
(B/T)∗,controls
)
1/Vmax
(8)
where (B/T)∗,j is the bulge-to-total stellar mass ratio for each
galaxy j. The second term on the right hand side of eq. 8 represents
the 1/Vmax volume corrected median6 of a large sample of control
galaxies, selected to be at the same stellar mass (δM∗ ± 0.05 dex)
as each galaxy in the full sample in turn. The median number of
unique controls per galaxy is ∼ 4000, and the < 1% of galaxies
5 Note that although the actual values of sSFR for quenched systems are
not known accurately, the fact that they are low (relative to star forming
systems) is highly robust (see, e.g., Brinchmann et al. 2004).
6 To compute the volume corrected median we repeat entries of galaxies in
our sampleNj times (whereNj = Vmax,survey/Vmax,j ). We then sort the
expanded sample and select the median and inter-quartile range as normal.
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Figure 3. The relationship between stellar mass derived B/T ratio and, from top-left to bottom-right: stellar mass, group halo mass, local density evaluated at
the 5th nearest neighbour, and sSFR. Each panel shows the volume corrected mean B/T ratio in each bin (centering of the lines), the standard error on the mean
(solid shading) and standard deviation (light shading), for central galaxies (shown in blue) and satellite galaxies (shown in red). The strength of correlation,
average dispersion, crossover value at B/T = 0.5, and mean difference in B/T between centrals and satellites is shown on each panel for each relationship. In
all panels galaxies are selected consistently at M∗ > 109M.
with fewer than 10 controls are excluded from the following analy-
sis. The purpose of this statistic is to ascertain how parameters other
than stellar mass impact galactic structure, removing the significant
impact of stellar mass on the correlations of Fig. 3. On a galaxy-
by-galaxy basis, ∆(B/T)∗,j quantifies how offset B/T is relative
to the median of all galaxies at the same mass. Additionally, we
sub-divide the sample into centrals, satellites and inner satellites to
ascertain whether or not these sub-populations behave differently
in terms of their structural dependence on parameters other than
stellar mass.
In Fig. 4 we plot the volume corrected median ∆(B/T)∗ for
a variety of galaxy populations against the following parameters:
halo mass (Mhalo, top left panel), projected distance to central
galaxy (Dcc ≡ Rcc/R200, top right panel), local over-density eval-
uated at the 5th nearest neighbour (δ5, bottom left panel), and sSFR
(bottom right panel). The width of each coloured line indicates the
1σ error on the ∆(B/T)∗ statistic, computed from a random Gaus-
sian re-sampling of theX & Y axis input data within their intrinsic
error values. Each coloured line is centred on the mean value of 100
realisations of the sample space.
In the top left panel of Fig. 4, we subdivide the analysis into
centrals (blue), satellites (red) and inner satellites (green). Inner
satellites are defined here to be satellites located within 0.2 virial
radii of their host central galaxies, projected. A value of ∆(B/T)∗
= 0 indicates no change relative to the controls, positive values in-
dicate increased bulge structure, and negative values indicate de-
creased bulge structure (or equivalently increased disk structure)
relative to the controls. Central galaxies have only a very weak
dependence of ∆(B/T)∗ on halo mass, whereas satellite galaxies
have a stronger dependence (particularly at high halo masses), and
inner satellites exhibit the strongest dependence (from intermediate
to high halo masses). In high mass haloes, satellites have a median
increase in bulge dominance up to 0.06, and inner satellites experi-
ence increases of up to 0.11. It is instructive to compare this panel
with the top right panel of Fig. 3: despite the stronger dependence
of galactic structure on halo mass for centrals than satellites glob-
ally, at a fixed stellar mass halo mass impacts galactic structure for
satellites more than centrals, and moreover impacts inner satellites
significantly more than the general satellite population.
In the top right panel of Fig. 4, we show the median ∆(B/T)∗
- Dcc relation for all satellite galaxies (in black), satellites in clus-
ters (defined as Mhalo > 1014.5M, shown in red), satellites in
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Figure 4. The effect of environment and star formation on galaxy structure at a fixed stellar mass. Each panel shows the median enhancement in bulge
dominance (∆(B/T)∗) relative to a control sample of all galaxies matched in stellar mass, plot for various galaxy populations (as indicated in the captions)
against (from top left to bottom right): halo mass (Mhalo), projected distance from central galaxy in units of the virial radius (Dcc = Rcc/R200), local
galaxy over-density (δ5), and sSFR. The width of each coloured line indicates the 1σ error estimated from a random Gaussian Monte Carlo re-sampling of the
data. Note the different scale in the Y−axis between the top and bottom row. The shaded region on the bottom right panel highlights the high uncertainty of
low sSFR values, which are measured indirectly.
high mass groups (defined as 1013.5M < Mhalo < 1014.5M,
shown in green), and satellites in low mass groups (defined as
Mhalo < 10
13.5M, shown in blue). Note that all centrals would
have a value of Dcc = 0 by definition, and a mean ∆(B/T)∗ = 0,
shown as the solid black line on all panels in this figure. Satellites
in clusters have the largest bulge enhancements, relative to their
stellar mass-matched controls, of any galaxy sub-population. They
also exhibit the most clear trend with distance to the central galaxy.
Interestingly, cluster satellites at all distances from their centrals
(up to the virial radius) are bulge enhanced, unlike satellites in
groups. Satellites in high mass groups have a significant, though
weaker, enhancement at close proximities to their centrals. Satel-
lites in low mass groups have the weakest dependence on distance
from their centrals, and more or less trace the ∆(B/T)∗ = 0 line,
with some scatter, at Dcc > 0.2. However, in the central regions of
low mass groups there is still a small enhancement in bulge domi-
nance. These results indicate that it is a combination of halo mass
and location within the halo which impacts galactic structure at a
fixed stellar mass.
In the bottom left panel of Fig. 4, we show the median
∆(B/T)∗ - δ5 relation for central galaxies (blue), satellite galaxies
(red) and inner satellite galaxies (green). At low to moderate over-
densities, there is no dependence on density for any of the galaxy
populations. At high over-densities, all galaxy populations exhibit
a similar strong positive dependence of ∆(B/T)∗ on δ5. However,
departure from the null dependence occurs at lower δ5 values for
inner satellites than satellites, and for satellites than centrals; which
suggests that the total integrated impact on B/T structure from local
over-density at a fixed stellar mass is greater for inner satellites than
any other galaxy population. We note that the highest increases in
B/T, relative to the controls, reaches∼ 0.15, indicating on average a
30% increase in bulge-dominance for galaxies in highly over-dense
regions.
Taken together, the first three plots of Fig. 4 indicate that en-
vironment plays a subtle, yet significant, role in shaping galactic
structure in the local Universe, at a fixed stellar mass. These results
are in essence a modification to the classic morphology - density re-
lation (e.g., Dressler 1980, Dressler et al. 1994), updating previous
approaches by computing offsets from a carefully matched control
sample in stellar mass, and utilising a mass weighted definition of
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structure (as opposed to a wavelength-dependent structural mea-
surement or morphological classification).
Finally, we look at the effect of varying star formation on B/T
structure at a fixed stellar mass. In Fig. 4 bottom right panel, we
show the median ∆(B/T)∗ - sSFR relation for centrals (shown
in blue), satellites (shown in red) and inner satellites (shown in
green). There is a strong dependence of B/T on sSFR, at a fixed
stellar mass, particularly around the threshold of quenching (sSFR
∼ 10−2 Gyr−1, shown as a dashed vertical line on the plot). Once
again we note that the exact sSFR values for quenched systems are
highly uncertain (and likely over-estimated). As a reminder of this
fact, the quenched region is shaded in this panel. Quenched galaxies
are preferentially more bulge-dominated, and star forming galaxies
are preferentially more disk-dominated, than expected from a con-
trol sample of galaxies matched at the same stellar mass. Thus, the
star forming state of galaxies significantly affects their structures at
a fixed stellar mass, indicating that there are important structural
differences between the population of star forming and quenched
systems. This most probably points to different evolutionary tracks
for quenched and star forming objects (as discussed in Section 6).
For inner satellites and satellites, at all values of sSFR, B/T values
are slightly enhanced relative to centrals. This implies that environ-
mental effects impact the structures of galaxies at fixed stellar mass
and sSFR, albeit in a relatively subtle manner.
4 RANKING OF PARAMETERS – MACHINE LEARNING
ANALYSIS
In this section we present a ranking of how closely connected
galaxy structure is to a variety of other galactic and environmen-
tal properties. To achieve this we follow an approach qualitatively
similar to Teimoorinia, Bluck & Ellison (2016; hereafter TBE),
where we utilise an artificial neural network (ANN) to classify star
forming and passive galaxies from given galaxy and environmental
properties. The key result of TBE is that central velocity disper-
sion is more predictive of the star forming state of central galaxies
than any other property considered, including structure / morphol-
ogy, stellar mass, halo mass and several environmental parameters.
Here we employ the same general methodology as TBE, but apply
it to the question of what properties are most closely connected to
galactic structure, quantified throughout in this paper with B/T by
stellar mass. The general structure of the ANN approach and the
key mathematical relations are presented in TBE, particularly in
their Section 3. We only depart from this prior work in the techni-
cal detail of the implementation (explained below).
4.1 ANN Method
We use a set of publicly available and free machine learning tools
from the powerful SciKit-Learn Python package. Specifically, we
use MLPRegressor for a regression analysis (predicting actual B/T
values per galaxy) and MLPClassifier for a classification analysis
(predicting whether galaxies are early- or late-types). For both anal-
yses we use a three-layered network, structured with neurons ar-
ranged in the sequence 20 : 10 : 5, with a relu-function activa-
tion, which closely approximates a universal function generator
(e.g. Wichchukit & Mahony 2011). We use the ADAM minimisation
solver (which is recommended in the SciKit-Learn documentation).
For each individual ANN run, the sample is divided into a
training set (30% of the data) and a validation set (70% of the data).
The training set is provided with a truth value for each galaxy (B/T
for regression; galaxy type for classification) and then the network
constructs the optimal mapping (set of weights for each neuron)
to move from the data to the prediction in the training sample.
The trained network is then applied (in regression or classification
mode) to the validation sample. Finally, the measured B/T values
(or galaxy types) can be compared to those predicted from the net-
work. Ultimately, the success or failure of parameters to accurately
predict B/T values (or galaxy types) reveals how closely connected
those parameters are to galactic structure.
More specifically, for the regression analysis, we use our mea-
sured B/T values as a target, (B/T)t, in conjunction with a set of
other parameters (e.g., M∗ and SFR) to train the network to con-
struct a mapping from those parameters to a predicted B/T value,
(B/T)p. For the classification analysis (shown in the appendix as a
test), we use our measured B/T values to construct a label (1, 0)
to identify, respectively, early-type galaxies (with B/T > 0.5) and
late-type galaxies (with B/T < 0.5). We then train the network to
construct a mapping from the parameters provided to a probability
for each classification type (i.e. probability of each galaxy being
early- or late-type).
In both cases (regression and classification), we perform 25
independent training runs (for 30% of the data, randomly selected)
followed by 25 independent regression or classification runs (for
the remaining 70% of the data), using the network to predict B/T
values or galaxy morphological types, respectively. For regression,
we use a volume weighted sample of galaxies, to best approximate
the true distribution of galaxies in the local Universe. For classi-
fication, we utilise a ‘balanced’ sample where we train on 50%
early-type galaxies and 50% late-type galaxies, selected randomly
from the volume weighted parent sample. The distinction is made
because classification analyses tend to work better, and are more
intuitive to interpret, in the case where classes are evenly sampled
by the network.
To quantify the performance, for regression, we compare the
predicted B/T values to the measured B/T values and compute the
mean square error on the data. For classification, we take the frac-
tion of successfully classified objects as our performance statistic.
The final performance of each variable (or set of variables) is given
by the mean of the performance statistic from the 25 independent
runs (excluding any which do not reach convergence), and the er-
ror is taken as the standard deviation across the converged runs7. A
high success rate at predicting galaxy types, or a tight reproduction
of B/T values, indicates that the parameter (or set of parameters)
used in the training run are closely connected with galaxy struc-
ture.
4.2 ANN Regression Analysis – Single Variables
In Fig. 5 we show the results of an ANN regression analysis to pre-
dict galaxy B/T values from a large set of other galaxy parameters,
taken in isolation (as indicated by the X-axis labels). Results are
shown separately for centrals (in blue), satellites (in red) and inner
satellites (in green). In the top panel, the Y -axis shows the root of
the mean squared error, defined as:
7 Typically, >20/25 runs converge, and those that do not are easily identi-
fied as outliers in the performance statistic. Lack of convergence is a com-
mon issue with machine learning approaches but we mitigate this in most
cases by employing an early stopping routine to pre-process the network
(see TBE for further discussion on this point.)
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√
MSE ≡
√〈(
(B/T)p − (B/T)t
)2〉
(9)
where (B/T)p is the network predicted B/T value, given each in-
dividual parameter made available in turn, and (B/T)t is the mea-
sured B/T truth value. As such, this analysis reveals the maximum
potential of each parameter in turn for predicting B/T values for
galaxies in the local Universe. Lower values of this statistic corre-
spond to a higher connection between the property under consider-
ation and galactic structure.
In both panels of Fig. 5 the X-axes show each singular pa-
rameter under consideration (labelled in the legend). They are or-
dered from most to least predictive for central galaxies (shown in
blue). The network’s performance in B/T prediction as a function
of galaxy properties is also shown for satellites and inner satellites,
as red and green lines (respectively), which can be compared to the
central galaxy case. Additionally, we present the performance of
the network using simultaneously all eight galaxy and environmen-
tal parameters (labelled as ‘ALL’). This yields the maximum per-
formance possible from the network plus the available input data.
The ‘ALL’ run gives a root mean squared error of ∼ 0.23, which is
very close to the average error on the B/T values used for training
and validation (〈σB/T 〉 ∼ 0.2). Thus, the combination of all eight
variables leads to a highly accurate prediction of galaxy structure,
within the error limitation.
We also show the results for a random variable (labelled
‘Rand.’). The performance of the network with a random parameter
encodes information about how the distribution of B/T is structured
for each galaxy sub-population. As a very simple example, if there
were only galaxies with B/T = 1 in the training set then the net-
work would likely predict B/T values of 1 regardless of any addi-
tional parameters made available to it. Hence, it is the improvement
over random which is really interesting for each parameter. This is
shown in the bottom panel of Fig. 5, and is defined as:
Improvement(%) =
√
MSEi −
√
MSErand
0−√MSErand
× 100% (10)
where
√
MSEi gives the performance indicator for each variable
in turn,
√
MSErand gives the performance of the network utilising
a random variable, and 0 is the maximum possible performance for
regression (i.e. identical predicted and measured values).
From Fig. 5, we find the best single variable for predicting B/T
values for centrals is ∆SFR8, followed by M∗ and then MHalo.
∆SFR and M∗ are also the most predictive for satellite and inner
satellite galaxies as well. However,Mhalo performs much worse for
satellites and inner satellites than for centrals. This is most likely
due to the tight correlation between halo mass and stellar mass
present for centrals but absent for satellites (which is discussed
above in Section 3.1). It is interesting that ∆SFR performs sig-
nificantly better than SFR for predicting galaxy structure. This fact
highlights that it is not SFR per se which is closely connected to
B/T (and vice versa) but rather whether or not a galaxy is forming
stars on the main sequence. Thus, whether a galaxy is star form-
ing or quenched is a key indicator of galaxy structure, but precisely
8 Note that we use ∆SFR as opposed to sSFR in this section to avoid ex-
plicitly combining SFR and M∗ in the ANN analysis. ∆SFR is defined as
the logarithmic distance from the star forming main sequence each galaxy
resides at (e.g., Bluck et al. 2014, 2016). This encodes different informa-
tion about galaxies to SFR, and indeed we find here that it is significantly
superior to SFR for predicting B/T values.
where on the main sequence a galaxy resides is not strongly con-
nected to galaxy structure.
We emphasize that in this section (as in Section 3.3) we are
using simultaneously two qualitatively different approaches for as-
sessing environment - 1) splitting the population into centrals, satel-
lites and inner satellites; and 2) investigating the predictive power
of quantitative metrics (i.e. local density, distance from central, halo
mass). Our motivation for this dual approach is to expose whether
or not the explicit quantitative environmental dependence on B/T is
dependent on the type of galaxies under investigation. Perhaps sur-
prisingly, for all galaxy types, explicit environmental parameters
perform much worse than intrinsic metrics as predictors of galaxy
structure.
To look at the subtle dependence of environment on galaxy
structure, we show the results for quantitative environmental pa-
rameters in an enlarged inset on each panel in Fig. 5. In the top
panel, the random parameter result is shown for each galaxy sub-
population as an appropriately coloured dashed line. The improve-
ment over random, bottom panel, is relative to the random result
for each sub-population. Looking at the inset on the bottom panel
of Fig. 5, we see that environmental parameters are significantly
more predictive of B/T for satellites and inner satellites than for
centrals, with the sole exception of halo mass (which is closely
correlated with stellar mass for centrals). For satellites, density pa-
rameters are slightly superior to halo mass, which in turn is superior
to distance from central as a predictor of B/T. Whereas, for inner
satellites, halo mass becomes the most useful quantitative environ-
mental parameter for predicting B/T structure. However, it must be
stressed that no environmental metric is highly predictive of galaxy
structure for any galaxy type, with the sole exception of halo mass
for centrals.
In general, intrinsic galaxy properties are more predictive of
galaxy structure for centrals than for satellites or inner satellites
(red and green lines lying below the blue lines in the improvement
plot for the first four single variables). Conversely, environmental
parameters are slightly more predictive of galaxy structure for satel-
lites and inner satellites than for centrals (red and green lines lying
above the blue lines in the improvement plot for the last four single
variables). This suggests that, although intrinsic properties (partic-
ularly ∆SFR & M∗) are superior to environmental properties for
establishing galaxy structure in all types of galaxies, the impact of
varying environment on B/T ratio is greater for satellites and inner
satellites than for centrals.
From the environmental parameters inset, we do not find any
significant difference in predictive power of local density evalu-
ated at 3rd, 5th or 10th nearest neighbour (hence, retrospectively,
our choice to focus just on the 5th nearest neighbour in Section 3).
However, we note that halo mass is significantly more predictive
of galaxy structure for inner satellites than the full satellite popula-
tion. Taken in isolation, distance from the central galaxy is the least
predictive measure of galaxy structure available from our list for
satellites and inner satellites, and (as expected) it performs identi-
cally to a random variable in the central galaxy case (where DCC
= 0 by definition). However, when used in the classification of a
sub-population (i.e. inner satellites) it does have the power to affect
how B/T correlates with other parameters (as demonstrated by the
green lines not being fully synchronous to the red or blue lines in
Fig. 5).
In addition to the ANN regression analysis, we also con-
sider the strength of the correlations between each single variable
and B/T structure using the Spearman rank correlation coefficient
(shown in Appendix C1). The correlation approach yields the exact
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Figure 5. Artificial neural network (ANN) regression analysis to determine which parameters are most useful for predicting galaxy structure (B/T). Results are
shown separately for centrals (blue), satellites (red) and inner satellites (green). On the top panel, the Y -axis shows the root mean square error (defined in eq.
9), which quantifies the performance of each variable in predicting B/T. TheX−axis labels each of the single variables considered, as well as a run utilising all
inputs simultaneously (labelled ‘All’), and a run with a random variable (labelled ‘Rand.’). TheX−axis is ordered for both panels from most to least predictive
of galaxy structure for central galaxies. The bottom panel reproduces the same results as the top panel, but shown as a percentage improvement over random
(defined in eq. 10). This statistic effectively takes into account differences in the distributions of B/T for the different sub-populations of galaxies considered.
On each panel, the results from 25 independent ANN runs are shown as light coloured lines, with their average value shown as a large shape-marker, as
indicated on the legend. Typical errors for individual parameters are ∼ 1%, as estimated from the variance of the 25 ANN runs.
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Figure 6. Artificial neural network regression analysis to predict B/T from multi-parameter sets of variables (indicated on the X-axes). The results for central
galaxies are shown in blue, satellite galaxies in red, and inner satellite galaxies in green. The Y -axis on the top panel shows the root mean square error of
predicted to measured B/T values, and the Y -axis on the bottom panel shows the percentage improvement of the performance of the network for the multi-
parameter set relative to a regression analysis with stellar mass alone. Hence, this plot shows how useful other parameters are at enhancing B/T determination,
after fully accounting for the mass dependence. 25 independent ANN runs are shown as light coloured lines, with the mean of the set shown as a large
marker-shape. The error inferred from the variance of these runs is typically ∼ 2% for the 2-variable sets and ∼ 4% for the ‘ALL’ run.
same ordering of parameters from most to least predictive of galaxy
structure, which adds further confidence to our machine learning
results. Furthermore, we also consider an ANN classification anal-
ysis, which determines the probability of each galaxy being bulge-
or disk-dominated from the single variables in turn (shown in Ap-
pendix C2). This also yields an almost identical result to the ANN
regression ranking shown here. The only significant difference is
that the ordering of ∆SFR and M∗ is switched. All of the other
rankings are essentially the same within their respective errors. We
comment on possible reasons for this small differences in the ap-
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pendix, but note here that the effectiveness of a parameter for esti-
mating the exact B/T value and for predicting which side of the B/T
= 0.5 line a galaxy will reside on, though closely connected, are ul-
timately different questions which may logically lead to different
answers. Overall, there is a very high level of consistency between
rankings from ANN regression, ANN classification, and correlation
coefficient analysis, suggesting the stability of our primary results
to statistical method (see Table C1 for a summary).
4.3 ANN Regression Analysis – Multiple Variables
In this sub-section we consider the performance of the network
for predicting galaxy structures for a few selected multi-parameter
combinations. Since the ANN regression, ANN classification, and
correlation analyses all yield such similar results for single vari-
ables, for the sake of brevity, we restrict our multi-parameter runs
to the regression case. In Fig. 6 we show the root mean square error
and percentage improvement over an ANN run with stellar mass
alone, for a set of multi-parameter input variables (as indicated on
the X-axis). Central galaxies are shown in blue, satellites galaxies
are shown in red, and inner satellite galaxies are shown in green.
The approach of looking for improvement in B/T determination for
variables in addition toM∗ is qualitatively similar to the ∆(B/T )∗
analysis of Section 3.3. But here we concentrate on ranking the
multi-parameter sets, whereas in Section 3.3 we focused on explor-
ing the general trends. For all types of galaxies, the run utilising
stellar mass alone yields an improvement of 0% by definition. The
error on the root mean square error, and the percentage improve-
ment, are given by the standard deviation across the 25 independent
network runs.
In this sub-section we concentrate on SFR as the sole star
forming metric, because a sophisticated multi-layered network, like
the one we are employing here, can easily disentangle both sSFR
and ∆SFR from an input of M∗ and SFR, should it prove statisti-
cally advantageous to do so. Moreover, given that our implemen-
tation of ANN is a universal function generator, any combination
of parameters is effectively included with the original parameters
in each run. We have checked that the performance of the network
with SFR and M∗ is identical to the performance with sSFR or
∆SFR and M∗ (within the errors generated by the network vari-
ance), and indeed it is. Were this not the case, this would provide
evidence that the network was either not fully converged, or that
there were serious defects in the data. Happily, this is not the case.
For all types of galaxies (centrals, satellites and inner satel-
lites) the most useful parameter to add to stellar mass for predict-
ing B/T values is SFR, which performs significantly better than any
other parameter considered here. This result indicates that the star
forming state of galaxies is an important indicator of galactic struc-
ture, even at a fixed stellar mass. Thus, the connection between
structure and star formation is not reducible to an underlying de-
pendence on mass or environment. The latter point is established
by the fact that adding SFR toM∗ is more effective than adding any
quantitative environmental parameter to M∗. We also checked the
converse, adding M∗ to SFR (as opposed to the other way around)
and find a similar result. That is, in addition to SFR, M∗ adds
significant improvement to the accuracy of predicting B/T values.
Hence, both SFR and M∗ are closely connected to B/T structure in
such a manner that neither connection is reducible to a correlation
with the other variable.
For central galaxies, we find adding each environmental pa-
rameter in turn leads to no significant improvement over stellar
mass alone, with the sole exception of halo mass, which leads to
a significant improvement of B/T determination. Satellites have in
general a greater improvement in B/T determination from addition
of quantitative environmental parameters to stellar mass than cen-
trals, with inner satellites having the most significant improvement
over both centrals and the general satellite population. The most
useful environmental parameter to add to stellar mass for deter-
mining B/T in satellites is local density (here evaluated at the 5th
nearest neighbour only for brevity), followed by a similarly weak
performance of halo mass and distance to central galaxy. We find
similar results to these multi-parameter runs utilising a partial cor-
relation analysis technique (shown in Appendix C as an additional
test on our results).
A discussion on possible interpretations of the rankings pre-
sented here is provided in Section 6.1.
5 COMPARISON TO SIMULATIONS
In this section we turn our attention to the question of what causes
bulge growth and galactic scale structural transformations. Given
the immense complexity involved in galaxy evolution it is ex-
tremely difficult to deduce the nature of physical processes directly
from observations. As such, we employ as an interpretative tool a
semi-analytic model of galaxy formation and evolution (LGalaxies:
the Munich Model, Henriques et al. 2015), and also make a com-
parison to a cosmological hydrodynamical simulation (Illustris: Vo-
gelsberger et al. 2014a,b). We begin this section with a summary of
the simulations and then progress to a careful comparison with the
SDSS observations.
5.1 Summary of the Models
5.1.1 LGalaxies
The full details for the prescription of galaxy formation and evo-
lution in the Munich Model (LGalaxies) is provided in Henriques
et al. (2015), with earlier versions of the model explained in Cro-
ton et al. (2006), De Lucia et al. (2009), and Guo et al. (2011). In
this subsection we give a summary of the most relevant details of
the model, but refer readers to the above publications for a more
thorough description.
LGalaxies, like all SAMs, is built upon halo merger trees, in
this case taken from the N-body dark-matter-only Millennium Sim-
ulation (Springel et al. 2005). The physics of baryons, and ulti-
mately galaxies, is built upon the established dark matter halo tree
via a simple set of coupled differential equations, which aim to pa-
rameterise the key physics of galaxy formation and evolution. Free
parameters in the model are assigned to values based upon compar-
ison to certain key observations (most commonly the multi-epoch
stellar mass function and star forming main sequence, and the z=0
fraction of red/ quenched galaxies as a function of stellar mass). In
the modern rendering of the LGalaxies SAM, the free parameters
are fit via a Markov Chain Monte Carlo (MCMC) simulation, using
the above observational diagnostics as a constraint (see Henriques
et al. 2013, 2015).
The resulting predictions for galaxy properties from the
LGalaxies model can then be compared to observations, especially
those which were not used in the training of the model parameters.
If there is consistency between the model and the new observations,
the model may be used as an explanatory tool to aid interpretation
of the observations. If there is disagreement between the model and
the observations, the observations can be used to re-tune the free
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parameters in the model, and hence improve the model’s fidelity.
Importantly, in the case where re-sampling the parameter space of
free variables in the model cannot improve agreement with obser-
vations, new physics must be added to the model. A notable exam-
ple of this is the inclusion of radio-mode AGN feedback into SAMs
to account for the high mass end of the galaxy stellar mass func-
tion (e.g., Croton et al. 2006, Bower et al. 2006). Similar physical
prescriptions are now utilsed as sub-grid physics in modern cos-
mological hydrodynamical simulations as well (e.g. Vogelsberger
et al. 2014a,b, Schaye et al. 2015).
The two most important parameters for our comparison be-
tween the SDSS and LGalaxies are stellar mass and bulge mass.
We explain how each are determined in turn. In LGalaxies, the for-
mation of stars in galaxies is split into two channels: 1) a ‘normal’
star formation mode caused by gravitational collapse of gas clouds
accreted into a disk component (above a critical density threshold
set by the empirical Kennicutt-Schmidt relation, Kennicutt 1983,
1989, 1998); and 2) a ‘star burst’ mode, which originates in gas
rich galaxy mergers (of all mass ratios) and deposits new stars into
a bulge component. Over 90% of stars formed in the model at all
redshifts are formed through the normal star forming mode, leav-
ing < 10 % of stars left to form in violent interactions of gas rich
systems. Thus, the formation of stellar mass in the model is pre-
dominantly undertaken in situ and without violent interactions.
There are also two principal routes available for growing a
bulge in LGalaxies: 1) the formation of new stars directly into a
bulge component (from the star burst mode of star formation, ex-
plained above), and 2) the redistribution of extant disk stars into a
bulge component during a galaxy merger. Note that both of these
channels are only available during galaxy - galaxy interactions and
mergers. The latter channel (redistribution of stars from a merg-
ing disk) is by far the most important route for bulge growth in
the model, and accounts for the vast majority of bulge stars. Ma-
jor and minor mergers are treated separately in the model; where
major mergers are defined to have a mass ratio µ > 1/10, and
minor mergers are defined to have a mass ratio µ < 1/10. In a
major merger the stars and gas of both systems are placed into a
bulge component. Thereafter, disks may reform if conditions are
appropriate. In a minor merger only the gas and stars of the minor
companion are placed into a bulge, i.e. the host galaxy disk is left
intact. In both cases, gas from the minor companion may be tidally
stripped in the early stages of interaction (the satellite phase) lead-
ing to the growth of the major companion’s hot gas halo. Addition-
ally, in all mergers, a few percent of stars are placed in the stellar
halo.
In addition to bulge formation and growth via mergers, disk
stars can also be deposited in a bulge component directly in a ‘vi-
olent disk instability’ (VDI) mode. If the disk mass becomes large
relative to the global dark matter halo potential, fragmentation can
occur triggering this mechanism. In the current implementation,
when a disk becomes kinematically unstable, the minimum amount
of mass needed to achieve stability is transferred from the disk to
the bulge. This is unlike some other SAMs which will move up
to the entirety of the disk to the bulge in a disk instability (e.g.,
Somerville et al. 2015). As such, the VDI mode in LGalaxies does
not significantly affect galaxies, with < 2% of bulge stars originat-
ing from the parent disk via violent disk instabilities, in the current
implementation.
In summary, stars in LGalaxies are formed primarily in disks
via gas accretion during secular evolution. Bulges, on the other
hand, are formed primarily from extant disk stars, which have their
aligned angular momentum vectors randomly disrupted during vi-
olent merger events. Major mergers are the most effective process
for growing bulges and spheroids, but minor mergers are more fre-
quent. Consequently, major and minor mergers are roughly equally
important to bulge growth in the model. Star bursts and VDIs are
also present in the model, but are together responsible for only
∼10% of the mass of galaxy bulges.
5.1.2 Illustris
The Illustris project simulates the gravitational and hydrodynami-
cal evolution of a ∼ 100Mpc3 co-moving volume of the Universe,
assuming a ΛCDM cosmology with initial conditions given by the
WMAP-9 results (Hinshaw et al. 2013). Full details on the simula-
tion are given in Vogelsberger et al. (2014a,b).
In Illustris, as with all cosmological hydrodynamical simula-
tions, physical processes on scales below the resolution limit (e.g.,
star formation, feedback from supernovae and AGN, metal pro-
duction and the formation and evolution of supermassive black
holes) are governed by sub-grid physical prescriptions. The sub-
grid physics is handled by simple coupled sets of differential equa-
tions exactly as in a SAM; the principal difference is that the large
scale hydrodynamical evolution of galaxies is simulated directly
(see, e.g., Sijacki et al. 2007, Vogelsberger et al. 2013, Torrey et al.
2014 for further details).
To compare our observational results on the structures of
galaxies with the Illustris simulation, we utilise a bulge-disk de-
composition of processed galaxy images from the z ∼ 0 Illustris
snapshot performed in Bottrell et al. (2017a). Galaxies in Illus-
tris are pre-processed through the SUNRISE radiative transfer code,
dimmed to the appropriate apparent luminosity given the redshift,
and inserted into realistic SDSS backgrounds (including appropri-
ate sky noise, neighbours, and multiple orientations). There is con-
siderable effort in the Bottrell et al. (2017a,b) papers to approxi-
mate as closely as possible the realistic view of Illustris galaxies,
as if observed in the SDSS.
In Bottrell et al. (2017a) photometric bulge-disk decomposi-
tions are performed in the g- and r-bands only. Hence, component
stellar masses derived via multi-wavelength SED fitting (i.e. in the
same vein as those used in the bulk of this paper) are therefore un-
available at present. As a result of this, in this section we compare
B/T fractions in r-band between Illustris and the SDSS. It is impor-
tant to note that these will be different to those computed by stellar
mass (see Appendix B for a detailed exploration of structural de-
pendence on waveband). However, the most important thing here is
that we make a fair comparison of like with like.
In addition to the photometric B/T ratios from Bottrell et
al. (2017a), stellar masses of structural components of Illustris
galaxies may be estimated by allocating star particles to a bulge
or disk component using their specific angular momenta9. How-
ever, accurate kinematic separation of the structural components
9 The essential idea is to construct the distribution of star particle angular
momenta. For a disk structure, this should be approximately a Gaussian
distribution centred around some positive characteristic angular momentum
of the galaxy. However, for a bulge component, the random orientation of
angular momenta of star particles leads to a Gaussian distribution centred
around zero. The bulge mass is then taken as simply twice the mass of stars
with negatively aligned angular momentum relative to the global angular
momentum of the galaxy (assuming a symmetric distribution). This works
well at high masses, where the global galaxy angular momentum is high
relative to zero, but becomes highly biased with low S/N for lower mass
galaxies. See Genel et al. (2015) for a more detailed account.
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of Illustris galaxies becomes highly challenging at lower masses
(M∗ < 1011M). Thus, restricting our analysis to kinematic mea-
surements alone would significantly reduce the range over which
the structures of galaxies can be compared in Illustris to the SDSS.
Moreover, the g− and r−band decompositions of Illustris galax-
ies in Bottrell et al. (2017a) are more consistent in methodology to
our measurements for SDSS galaxies in any case. Hence, we utilise
these as our primary means of comparison to Illustris. Nonetheless,
we will also show the kinematic relationships as well as the photo-
metric measurements in some figures for comparison, in the mass
range where they are reliably measured.
5.2 Simulations Results
5.2.1 Stellar Mass Distributions
In the top panel of Fig. 7 we show the stellar mass distribution of
our sample of SDSS galaxies (as a light grey dotted line). We also
show the volume weighted stellar mass distribution of our SDSS
sample (as a solid black histogram). This is essentially the stellar
mass function for the SDSS, but is displayed here as a distribution
in the sense that the integral over the full mass range is defined to
be equal to unity, not the number of galaxies in a given volume.
The reason for this distinction is that we have reduced our sample
slightly by requiring that there are successful bulge-disk decom-
positions in all four primary wave-bands and by stellar mass, as
well as requiring a variety of other successful measurements (e.g.
SFR, local density, and group identification). As such, our sample
excludes ∼ 10% of SDSS galaxies, which is necessary in order to
achieve the scientific goals of this paper.
To check if our reduced SDSS sample is biased in any way
compared to the total sample, we overlay on Fig. 7 (top panel) the
volume weighted mass distribution of the full SDSS sample taken
from the stellar mass function analysis of Thanjavur et al. (2016,
shown on the plot as magenta stars). Since the distributions of stel-
lar masses are almost identical, we conclude that our sample is not
biased with respect to stellar mass in any significant manner.
Our primary purpose in this comparison section is to com-
pare the structures of galaxies in Illustris and LGalaxies to that
of the SDSS. However, before addressing this question we first
check to see how well the distribution of stellar mass is repro-
duced in each simulation. In Fig. 7 (top panel) the distribution of
stellar masses is shown for the Illustris simulation (red histogram)
and the LGalaxies model (blue histogram). The general shape of
the stellar mass distributions are similar between the simulations
and the SDSS, but there is not perfect agreement. In particular, Il-
lustris over-predicts the abundance of massive galaxies relative to
the SDSS, and LGalaxies under-predicts the abundance of massive
galaxies relative to the SDSS.
Given that the mass distributions of the simulations are similar
to that of the SDSS, it is reasonable to compare directly the struc-
tural and morphological B/T distributions of the samples (shown in
the next sub-section). However, since the mass distribution agree-
ment is far from perfect, it is also sensible to restrict our final com-
parison to fixed stellar mass binnings (shown in Sections 5.2.3 &
5.2.4).
5.2.2 B/T Distributions
In the middle panel of Fig. 7 we show the mass weighted distribu-
tion of B/T structure for the SDSS (shown as a solid black line)
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Figure 7. Top panel: Stellar mass distributions for the SDSS (raw counts
and volume weighted), Illustris and LGalaxies. Note that this figure indi-
cates a mass distribution rather than a mass function, with the area under
each line set equal to unity. The corresponding stellar mass distribution de-
rived from the stellar mass function of Thanjavur et al. (2016) is overlaid
as a check for sample biases. Middle panel: The distribution of B/T ratio
(evaluated in stellar mass) for LGalaxies and the SDSS. Bottom panel: The
distribution of B/T ratio (evaluated in r-band) for Illustris and the SDSS.
Additionally, we show the distribution of B/T ratios in r-band with deeper
imaging from Stripe-82.
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and for LGalaxies (shown as a shaded blue region). Both sam-
ples are selected at M∗ > 1010M. It is clear that, relative to the
SDSS, LGalaxies under-predicts the abundance of spheroidal and
composite (bulge + disk) systems, and consequently over-predicts
the abundance of disk-dominated systems. Qualitatively, the agree-
ment between the two distributions is quite poor, which further-
more suggests that a reasonable approximation of the stellar mass
distribution does not guarantee a reasonable approximation of the
structural distribution of galaxies. Interestingly, the discrepancy be-
tween LGalaxies and the SDSS is in the opposite direction as that
found by Wilman et al. (2013) using an earlier version of the Mu-
nich model, whereby they find the model to over-predict the abun-
dance of spheroidal galaxies with respect to observations. How-
ever, it should be noted that the earlier version of the Munich model
had a significantly poorer agreement to observations with the stel-
lar mass function, and that the observational sample utilised optical
morphology as opposed to mass structure, and analysed a much
smaller sample of galaxies than considered in this paper.
In the bottom panel of Fig. 7 we show the r-band B/T mor-
phological distribution of Illustris galaxies (shown as a red shaded
region), compared to the r-band B/T morphological distribution
of observed SDSS galaxies (shown as a solid black line). Both
samples are selected at M∗ > 1010M. As with LGalaxies, Il-
lustris significantly under-predicts the fraction of bulge-dominated
spheroidal galaxies and composite systems, consequently signif-
icantly over-predicting the relative abundance of disk-dominated
systems (as seen in Bottrell et al. 2017b). Furthermore, in Illustris
there are essentially no pure spheroidal galaxies found in r-band
morphology at M∗ > 1010M. This dearth of spheroids is sur-
prising, and clearly disagrees with observations, both in this study
and in the literature (e.g. Bamford et al. 2009, Wilman et al. 2013,
Thanjavur et al. 2016).
To investigate whether the shape of the SDSS morphological
distribution is affected by depth limitations of the survey, in the
bottom panel of Fig. 7 we show the distribution of r-band B/T ratio
for the SDSS Stripe-82 data, which is deeper by ∼ two magni-
tudes than the full SDSS survey. Although the B/T distribution for
Stripe-82 is slightly different (as expected given that it is a differ-
ent sample), it is qualitatively very similar to the SDSS distribution,
and hence very different to the Illustris distribution. Consequently,
we find that the depth of SDSS observations does not significantly
affect our measured B/T ratios, or their distributions (see Appendix
A2 for further tests on depth; and Bottrell et al. 2018 for the full
analysis of the impact of depth on B/T measurements in the SDSS).
5.2.3 Stellar Mass Dependence
Since the stellar mass functions of the SDSS, Illustris and LGalax-
ies are not perfectly overlapping, it is more robust to explore the
fraction of bulge and disk dominated galaxies as a function of stel-
lar mass (i.e. in small ranges of stellar mass). Moreover, this ap-
proach also allows us to look at how well the simulations reproduce
some of the key relationships found in this study.
In Fig. 8 we show the fraction of bulge-dominated galaxies
as a function of stellar mass, computed for the SDSS, Illustris and
LGalaxies via a number of complementary methods. We compute
the bulge-dominated fraction for the SDSS using stellar mass struc-
tural component ratios (as in the rest of the paper, shown in blue)
and via r-band photometry (shown in red). The width of the SDSS
lines indicate the 1σ error, computed via a Monte Carlo simulation
as in Fig. 4. Overlaid on Fig. 8 are the relationships between the
fraction of bulge-dominated galaxies and stellar mass for LGalax-
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Figure 8. The fraction of bulge-dominated galaxies as a function of stel-
lar mass, shown for the SDSS, LGalaxies, and Illustris. Bulge dominated
galaxies are defined as having (B/T )X > 0.5, where X is defined vari-
ously to indicate the stellar mass, r-band, or kinematic ratio (as indicated
on the legend). Like coloured lines may be compared freely, whereas dif-
fering coloured lines should be compared only with caution. For the ob-
servational data, the width of each line corresponds to the 1σ error on the
bulge-dominated fraction, evaluated from an MC re-sampling of theX- and
Y -axis variables.
ies (computed via stellar mass, shown as a blue dashed line) and
Illustris (computed via r-band photometry, shown as a red dashed
line). As such, the red lines should be compared with each other,
and the blue lines should be compared with each other.
A positive relationship between fraction of bulge-dominated
galaxies and stellar mass is found in the observations and both of
the simulations. Hence, qualitatively at least, there is general agree-
ment between the simulations and observations as to the trend be-
tween mass growth and bulge dominance in galaxy evolution. How-
ever, LGalaxies significantly under-predicts the fraction of bulge-
dominated galaxies as a function of stellar mass relative to the
SDSS. The most significant discrepancy is found at intermediate
stellar masses (M∗ ∼ 1010 − 1011M). Similarly, Illustris sig-
nificantly under-predicts the fraction of bulge dominated galaxies
as a function of stellar mass relative to the SDSS, as measured in
r-band. The largest discrepancies between Illustris and the SDSS
also occur at M∗ ∼ 1010 − 1011M.
We additionally show on Fig. 8 the fraction of bulge domi-
nated galaxies as defined through a kinematic analysis of angular
momentum in Illustris (as a solid magenta line). Strictly speaking
there is no exact corollary in the SDSS measurements to compare
this to. However, in the literature (e.g. Genel et al. 2015) these
types of measurements are often taken as proxies for by-mass mea-
surements of structure. This is logical given that the kinematics are
driven by an underlying mass distribution. Compared to the SDSS
mass-weighted fraction of bulge dominated galaxies, the Illustris
kinematic relationship significantly under-predicts spheroids. Thus,
the photometric r-band and kinematic measures of galaxy structure
are self-consistent in Illustris, but both disagree with the most rele-
vant observations.
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Figure 9. The fraction of bulge-dominated galaxies as a function of stellar mass, separated into four galaxy populations (from top left to bottom right): star
forming centrals, quenched centrals, star forming satellites, and quenched satellites. Results are shown separately for the SDSS (in mass and r-band light),
LGalaxies (in mass), and Illustris (in r-band light). In each panel like colours should be compared with like colours. Between panels the same line type should
be compared with the same line type. For the observational data, the width of each line corresponds to the 1σ error on the bulge-dominated fraction, evaluated
from an MC re-sampling of the X- and Y -axis variables.
Table 1. Mean Bulge-to-Total Ratio 〈(B/T)∗〉 comparison between the SDSS, LGalaxies and Illustris.
All Galaxies Passive Centrals Passive Satellites Star Forming Centrals Star Forming Satellites
SDSS (M∗) 0.524 ± 0.001 0.787 ± 0.001 0.676 ± 0.001 0.382 ± 0.001 0.347 ± 0.001
LGalaxies (M∗) 0.159 ± 0.001 0.389 ± 0.001 0.206 ± 0.001 0.073 ± 0.001 0.104 ± 0.001
SDSS (r-band) 0.476 ± 0.001 0.699 ± 0.001 0.654 ± 0.001 0.251 ± 0.001 0.250 ± 0.001
Illustris (r-band) 0.088 ± 0.001 0.414 ± 0.006 0.239 ± 0.005 0.030 ± 0.001 0.050 ± 0.001
Notes: Passive galaxies are defined to have sSFR< 10−2Gyr−1, and star forming galaxies are defined to have sSFR> 10−2Gyr−1. Mass weighted
samples (LGalaxies & SDSS) are selected at M∗ > 109.5M; r-band weighted samples (Illustris & SDSS) are selected at M∗ > 1010M. The
observational data has a 1/Vmax weighting applied to all statistics to best approximate the volume complete simulated data. All errors on the mean are
computed as σ/
√
N and set to a minimum value of 0.001 in the case where they are computed to be lower.
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5.2.4 Comparison of Different Galaxy Populations
In this sub-section we compare the structures of galaxies in Illustris
and LGalaxies to the SDSS for four distinct populations of galax-
ies: 1) star forming centrals, 2) quenched centrals, 3) star forming
satellites, and 4) quenched satellites. As before, central galaxies are
defined as the most massive galaxy in their group dark matter halo,
and satellites are defined as any other group member. Star forming
galaxies are defined to have sSFR > 10−2Gyr−1, and quenched/
passive galaxies are defined to have sSFR < 10−2Gyr−1. In Table
1 we present the mean B/T ratio for each galaxy population, shown
for the SDSS in stellar mass and r-band light, for LGalaxies in
stellar mass, and for Illustris in r-band light. Galaxies are selected
above the same stellar mass limit for each comparison.
For all galaxies, the difference in B/T, on average, between
Illustris and the SDSS (in r-band) is ∆B/T ∼ 0.4, with a similar
offset for LGalaxies and the SDSS (by stellar mass). Even if this
shift to higher B/T values were applied equally to all populations
of simulated galaxies, this would still not solve all of the problems
with morphology and structure. The relative increase in bulge frac-
tion from star forming to passive centrals is essentially the same in
Illustris and LGalaxies to the SDSS, it is just that low mass galaxies
start with lower B/T ratios than observed. However, the relative in-
crease in bulge fraction from star forming to passive satellites is∼ a
factor of two lower than that observed in both LGalaxies and Illus-
tris. This suggests two, possibly separate, problems: 1) low mass
galaxies do not form enough material in a bulge (as seen already
for Illustris in Bottrell et al. 2017b), and 2) the processes associ-
ated with quenching satellites in both Illustris and LGalaxies do
not engender the same magnitude of structural transformation as in
real galaxies.
In Fig. 9 we show the fraction of bulge-dominated galaxies as
a function of stellar mass for each population of galaxies. This is
displayed for the SDSS (in mass and r-band), Illustris (in r-band)
and LGalaxies (in mass). Essentially Fig. 9 is a reproduction of
Fig. 8, separating the sample into the four classes under consider-
ation in this sub-section. For the SDSS observations, the fraction
of bulge-dominated galaxies is substantially greater for quenched
systems than for star forming ones. The crossover mass at which
the fraction of bulge- and disk-dominated galaxies are equal oc-
curs at an order of magnitude lower stellar mass for quenched
galaxies (MQ∗,cross ∼ 3 × 109M) than for star forming galax-
ies (MSF∗,cross ∼ 4 × 1010M). This is approximately the same
for both the central and satellite populations. We also find that the
bulge-dominated fraction - stellar mass relation is only slightly dif-
ferent between centrals and satellites in general (as in Fig. 3).
Both Illustris and LGalaxies predict positive correlations be-
tween the fraction of bulge-dominated galaxies and stellar mass in
all populations of galaxies. Additionally, both simulations predict
that quenched galaxies will be preferentially bulge-dominated at a
fixed stellar mass, compared with star forming systems. Hence, in
these respects, the simulations qualitatively agree with the SDSS
observations. Crucially however, Illustris and LGalaxies both seri-
ously underestimate the fraction of bulge-dominated galaxies, rel-
ative to the SDSS, for all populations of galaxies. This is most sig-
nificant for LGalaxies with star forming systems and for Illustris
with quenched systems.
One other feature to note from Fig. 9 is the difference be-
tween r-band morphology and stellar mass determined B/T struc-
ture. For quenched systems, the fraction of bulge-dominated galax-
ies - stellar mass dependence is similar for morphology and struc-
ture, whereas for star forming systems these two methods for mea-
suring bulge-dominance are wildly discrepant. The reason for this
is that in quenched systems r-band light approximately traces the
mass distribution of galaxies, yet for star forming systems r-band
light traces more the bright star forming regions in galaxies than the
older and redder stellar populations, which dominate the mass dis-
tribution. Further details on the differences between by-mass struc-
tures and by-light morphologies are presented in Appendix B.
In summary, although the general directionality of the trends
witnessed in observations are reproduced by LGalaxies and Illus-
tris, the details are not. Most importantly, the fraction of bulge-
dominated galaxies is significantly underestimated in all popula-
tions. In Section 6.2 we speculate on a number of fruitful areas
to explore in order to improve the models’ reproduction of galaxy
structure.
5.3 Further Simulations Comparisons
In this subsection we consider two additional comparisons between
the SDSS, Illustris and LGalaxies. Specifically, we investigate how
well the simulations reproduce galaxy structure across the star
forming main sequence (in Section 5.3.1), and consider the role of
halo mass in determining galaxy structure in the models (in Section
5.3.2).
5.3.1 Star Forming Main Sequence
We show the star forming main sequence for LGalaxies and Illus-
tris in Fig. 10. For comparison, the star forming main sequence for
SDSS galaxies is reproduced below each simulation. In each panel
the main sequence relationship is colour coded by mean B/T ratio,
derived as a mass ratio in LGalaxies, and in r-band light for Illus-
tris. The stellar mass weighted LGalaxies plot may be compared
to the equivalent stellar mass weighted plot for the SDSS, and the
r-band weighted Illustris plot may be compared to the equivalent
r-band weighted plot for the SDSS.
Quenched systems (with sSFR < 10−2Gyr−1) extend down
to an SFR = 0 in the simulations. Hence, a straightforward com-
parison is not immediately possible with the SDSS, which utilises
indirect means to estimate low sSFRs that generally lead to a min-
imum SFR ∼ 10−2M/yr (infinitely far away in log-space). To
combat this, we relocate the SFRs of quenched objects in the simu-
lations to a random draw from a Gaussian fit to the quenched popu-
lation’s distance from the main sequence in the SDSS (∆SFR). For
each simulation, quenched objects are inserted at a distance ∆SFR
from their own measured main sequence10. This process approxi-
mates the SFR values of quenched simulated galaxies as they would
be measured in the SDSS. However, of course, the exact values of
quenched objects (those lying below the dashed red lines) are not
reliable in either the simulations or observations. Thus, what is im-
portant is the fact that they have low SFRs, not their specific values.
In general, galaxies in Illustris and LGalaxies are significantly
more disk-dominated (and less bulge-dominated) than that ob-
served. This is evident in stellar mass structural ratio (for LGalax-
ies) and in r-band photometry (for Illustris). Moreover, the tran-
sition from star forming to quenched galaxies engenders far less
structural change in the simulated data than in the observed data.
10 This methodology accounts for differences in the normalisation and
slope of the main sequence between the simulations and the observations,
which are not the focus of this work. See Bluck et al. (2016) for a discussion
on this issue.
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Figure 10. The star forming main sequence (SFR - M∗ relation) shown colour coded by B/T ratio. From top left to bottom right: LGalaxies (B/T in stellar
mass), Ilustris (B/T in r-band), SDSS (B/T in stellar mass), and SDSS (B/T in r-band). The median relation is shown as a thick black line on each panel, with
light black lines indicating density contours. Blue dashed lines indicate fits to the star forming population; and red dashed lines indicate the minimum of the
density contours (and hence the threshold of quenched galaxies). Each hexagonal bin is colour coded by the mean B/T of galaxies contained within a narrow
range of M∗ and SFR. The panels in this figure should be compared column-wise, to ensure a fair comparison.
One surprising manifestation of this result is that the majority of
quenched systems are disk-dominated in Illustris and LGalaxies
(see also Table 1), whereas in the observed Universe the vast ma-
jority of quenched systems at all masses are spheroidal in struc-
ture. This fact suggests that the processes responsible for quenching
galaxies in the simulations are not yet correctly modelling the asso-
ciated structural changes in galaxies. We defer to further work the
process of attempting to improve the SAM with updated physical
prescriptions for quenching and structure formation (Bluck et al. in
prep.). For Illustris, it will be highly interesting to see whether the
new Illustris-TNG project improves on these problems or not (see
Pillepich et al. 2018).
5.3.2 Halo Mass
We postpone a full analysis of the reproduction of structural trends
with environment in the simulations (LGalaxies & Illustris) to
further work. However, in this appendix, we briefly explore how
well the simulations reproduce the bulge-dominated fraction de-
pendence on halo mass, for the four populations of galaxies dis-
cussed in Section 5.2.4.
In Fig. 11 we reproduce Fig. 9, replacing stellar mass with
group halo mass. In the case of centrals, halo mass and stellar mass
are highly correlated, whereas in the case of satellites they are only
very weakly correlated (see Fig. 1, and associated text). For satel-
lites in the SDSS, there is essentially no dependence of the fraction
of bulge-dominated galaxies on halo mass, once the sample is sep-
arated out into star forming and quenched populations. This sug-
gests that the relatively weak correlation between structural frac-
tion and halo mass for satellites seen in Fig. 3 is primarily due to
satellites in higher density environments being preferentially pas-
sive, and passivity correlating with structure. For centrals in the
SDSS, there is a relatively strong correlation between halo mass
and bulge-dominated fraction for star forming systems, which is
noticeably weaker for passive galaxies. In general, quenched galax-
ies (both centrals and satellites) have a significantly higher fraction
of bulge-dominated systems for their halo masses than star forming
systems. This is seen in both stellar mass and r-band photometry
defined B/T ratios.
As with stellar mass, for most ranges in halo mass both Il-
lustris and LGalaxies seriously under-predict the fraction of bulge-
dominated galaxies, compared to the SDSS. In general, the agree-
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Figure 11. The fraction of bulge-dominated galaxies as a function of group halo mass, separated into four galaxy populations (from top left to bottom right):
star forming centrals, quenched centrals, star forming satellites, and quenched satellites. Results are shown separately for the SDSS (in mass and r-band light),
LGalaxies (in mass), and Illustris (in r-band light). In each panel like colours should be compared with like colours. Between panels the same line type should
be compared with the same line type. For the observational data, the width of each line corresponds to the 1σ error on the bulge-dominated fraction, evaluated
from an MC re-sampling of the X- and Y -axis variables.
ment between observations and simulations is even worse for
quenched systems than star forming systems. One notable ex-
ception to this is for LGalaxies star forming centrals at high
halo masses. These rare objects are predicted to be more bulge-
dominated than seen in observations. In addition to the clear quanti-
tative differences between the models and observations, the shapes
of the relationships with halo mass are also very different to that
observed. In light of these serious discrepancies (and those seen
throughout this section), it is clear that the models must be signifi-
cantly improved to better account for observed galaxy structure. In
Section 6.2 we give some preliminary suggestions for how this may
be done.
6 DISCUSSION
6.1 Interpretation of the ANN Rankings: Quenching,
Mergers, and the Role of Environment
In this sub-section we discuss possible causal origins to the ob-
served connections between galaxy structure and star formation,
stellar mass, and environment. The ANN regression analysis of
Section 4 reveals that ∆SFR is the most predictive single vari-
able for ascertaining B/T structure considered in this work (see
Fig. 5). Furthermore, at a fixed stellar mass, adding SFR to the net-
work leads to a higher improvement in predictive power than any
other galactic or environmental parameter (see Fig. 6). As such,
we find that there is a very close connection between star forma-
tion and structure in galaxies, for both centrals and satellites. This
conclusion is qualitatively similar to much prior work (including,
Cameron et al. 2009, Wuyts et al. 2011, Bell et al. 2012, Bluck
et al. 2014, 2016, TBE, Brennan et al. 2017). However, we have
expanded on these findings by fully quantifying this effect and, ad-
ditionally, have shown that the dependence of B/T on star formation
and stellar mass is separable (as hinted at in Bluck et al. 2014), with
both parameters leading to substantial improvement over the other
alone in the ANN analysis (see Section 4.3).
The structural difference between star forming and quenched
galaxies, at a fixed stellar mass (shown in Figs. 4, 6 & 9) strongly
suggests different evolutionary paths for star forming and quenched
objects. In the literature, a number of mechanisms to link star for-
mation and galaxy structure have been suggested. For instance, in
Bluck et al. (2014) we argue that the strong empirical correlation
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between bulge mass and supermassive black hole mass (e.g., Fer-
rarese & Merritt 2000, Haring & Rix 2004, Saglia et al. 2016) im-
plies that bulge dominated galaxies host more massive central black
holes, at a fixed stellar mass (although see Simmons, Smethurst &
Lintott 2017 for evidence that stellar mass correlates with black
hole mass more tightly than bulge mass, in disk-dominated sys-
tems). Consequently, there may be a greater potential for radio-
mode AGN feedback (e.g., Croton et al. 2006, Bower et al. 2006)
to affect the gas surrounding more bulge-dominated galaxies (e.g.,
Bluck et al. 2016). This mechanism shuts off star formation in
galaxies by preventing cooling of gas in high mass haloes due to
heating from jet triggered radio bubbles (e.g., Fabian et al. 2012).
Models which incorporate radio mode AGN feedback as the
dominant mechanism to quench massive galaxies lead to predic-
tions which are generally in reasonable agreement with modern
observations, whereas alternative models tend to be less success-
ful (e.g., Vogelsberger et al. 2014a,b, Schaye et al. 2015, Henriques
et al. 2015, Bluck et al. 2016, Terrazas et al. 2016, 2017, Brennan et
al. 2017). Consequently, the clear connection between structure and
star forming state seen in this work may have a casual origin in the
sense that bulge dominated structures are more likely to host high
mass central black holes, which quench star formation through on-
going maintenance-mode feedback episodes. However, testing this
hypothesis in a more direct manner has proven highly challenging
(see Bluck et al. 2016), and hence alternative explanations ought
to be seriously considered as well. Examples of alternative mech-
anisms to AGN feedback for quenching galaxies discussed in the
literature include: morphological quenching (Martig et al. 2009),
halo mass quenching (Dekel & Birnboim 2006), and progenitor
bias (Lilly & Carollo 2016). Ultimately, the extremely tight connec-
tion between star forming state and galaxy structure (as evidenced
by the general trends in Section 3, offsets at a fixed stellar mass in
Section 4, and through a sophisticated machine learning approach
in Section 5) requires a compelling explanation. However, there is
clearly still much work to be done in order to unambiguously re-
solve this issue.
In Section 4, for all galaxy types, we find that stellar mass is
the second most predictive variable for ascertaining galaxy struc-
ture (B/T), after ∆SFR. Since more massive galaxies have a higher
fraction of their mass accreted via mergers (e.g., Bluck et al. 2012,
Ownsworth et al. 2014), the more massive the galaxy the higher the
impact of major and minor merging on the system. This is as ex-
pected in the hierarchical model of structure formation (e.g., Coles
et al. 2000, Springel et al. 2005). Furthermore, the merger of disk
galaxies generally leads to the growth of a bulge component (e.g.
Barnes & Hernquist 1992, Stewart et al. 2009, Hopkins et al. 2010).
Hence, the higher prevalence of mergers in high mass galaxies, cou-
pled with the capacity for merging to grow a bulge component,
offers a natural explanation for the close connection between stel-
lar mass and B/T structure, quantified in this work. Perhaps more
interesting than the presence of a strong correlation between struc-
ture and mass, is that this relationship is less strong than between
structure and star forming state (as quantified by ∆SFR). Observa-
tionally, quenched galaxies are spheroids and star forming galaxies
are disks, almost invariably. This simple fact, however, is not re-
produced by contemporary models (see Table 1 and Fig. 10). Once
again, there is clearly much theoretical work needed in order to re-
solve these issues satisfactorily.
Although mergers are well established both observationally
and theoretically to lead to bulge growth, in gas rich systems disks
may re-grow in the postmerger phase, provided that the galaxy is
not yet fully quenched (e.g., Stewart et al. 2009, Mitchell et al.
2014, Ellison, Catinella & Cortese 2018). Thus, some combination
of merger induced bulge growth plus disk quenching will be re-
quired to fully account for the connection between mass and struc-
ture as elucidated in this work. In addition to merging, violent disk
instabilities are also more probable in high mass disks (e.g., Bouche
et al. 2007, Zolotov et al. 2015, Somerville et al. 2015), which
may redistribute a significant mass of stars and gas from a rota-
tionally supported disk to a pressure supported bulge. Ultimately, it
is likely that a combination of merging (major and minor), violent
disk instabilities, and quenching of star formation is responsible for
the high correlation between mass and structure in local galaxies.
Disentangling the relative importance of each mechanism is best
considered in terms of specific models and their relative success
at reproducing the observed structural relationships (see Sections 5
above & 6.2 below). Nevertheless, the greater dependence of struc-
ture on ∆SFR than stellar mass suggests that quenching has a crit-
ical role to play in shaping galaxies (and / or vice versa).
In our machine learning analysis (presented in Section 4), we
find that all quantitative environmental metrics considered (local
density, halo mass, distance from central galaxy) are significantly
less predictive of galaxy structure than internal parameters (e.g.,
∆SFR & M∗, discussed above). Perhaps surprisingly, this is not
only true for central galaxies but also for satellites and even inner
satellites as well (see Fig. 5). At a fixed stellar mass, the addition
of environmental parameters has no impact on the predictive power
of the network for centrals (except for halo mass) and has only a
small impact for satellites and inner satellites (see Fig. 6). Taken at
face value, these results imply that environment is not strongly con-
nected with the growth of galaxy structure. However, in Section 3.3
(particularly Fig. 4), we do find that there is a significant, yet subtle,
impact of environment on structure, especially for satellites and in-
ner satellites. The resolution of this apparent discrepancy is simply
that environment only affects structure at high densities (or, equiv-
alently, for satellites near the centre of high mass haloes). Thus,
the majority of galaxies have structures which are completely un-
affected by environment as clearly demonstrated in our ANN anal-
ysis.
Finally, the fact that in Section 4 we determine B/T values al-
most as accurately as the errors allow for the full set of input param-
eters suggests that we are not missing any fundamental parameters
relevant to structure formation. To leading order, one would need
only to know the stellar mass and SFR of a galaxy to predict it’s
B/T almost as reliably as actually performing a multi-wavelength
decomposition. Environmental parameters, and additional metrics
not considered in this work, would yield only marginal improve-
ments over stellar mass and SFR. Of course, pathological cases do
exist and simple measurements from spectra or SEDs will not fully
replace the need for detailed photometric / stellar mass structural
measurements. Furthermore, our study is restricted to z ∼ 0.1 and
there may well be redshift evolution in these trends. Nonetheless,
it is interesting to speculate about the possibility of using ANN to
estimate structural parameters (with quantifiable errors and biases)
as an alternative to image fitting for very large datasets.
6.2 Why do the Simulations Fail to Accurately Reproduce
Galaxy Structure?
In Section 5 we find that the fraction of bulge-dominated galaxies
is seriously underestimated in both the LGalaxies SAM and the Il-
lustris hydrodynamical simulation, compared with the SDSS (see
Figs. 7 - 10, and Table 1). Ultimately, these results highlights a
profound failure in both Illustris and LGalaxies to approximate the
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structures of local galaxies in a reasonable manner. Thus, whilst the
stellar mass functions, cosmic star formation history, and red - blue
fractions are produced reasonably well in LGalaxies and Illustris
(e.g., Vogelsberger et al. 2014a,b, Henriques et al. 2015), the struc-
tures of galaxies are not. Exposing and quantifying this fact is the
most important contribution of this paper.
Bottrell et al. (2017b) find a similar result for Illustris,
whereby the distributions of B/T are significantly different to the
SDSS, consistent with our findings. We expand on that work by
investigating the stellar mass dependence of this trend and by in-
vestigating galaxy sub-populations (see Section 5.2). Additionally,
Dickinson et al. (2018) find that low mass (M∗ < 1011M) Il-
lustris galaxies have significantly different morphologies to that
observed, via a very different methodology to the present work,
utilising human classifications with the Galaxy Zoo approach (e.g.,
Lintott et al. 2008). Hence, there is now compelling evidence that
Illustris fails to reproduce galaxy structures for the vast majority of
the galaxy population. It is interesting that this is also the case in a
leading SAM as well (see Section 5), and thus may point to a wider
issue in contemporary galaxy evolution models.
The purpose of this sub-section is to explore the question of
why leading contemporary simulations under-produce bulge dom-
inated galaxies in comparison to appropriately analysed observa-
tions, and, furthermore, to offer some suggestions for improve-
ments to the models moving forwards. As such, this discussion
may be used as a starting point for further investigation into this
important problem. Although the discrepancy with observations is
similar in size and direction for Illustris and LGalaxies (see Figs.
7 - 9), the very different methodology between the two simulations
will most probably require a different solution in each case. This is
because, for LGalaxies, large scale physical processes are modelled
indirectly, via tuneable free parameters; whereas, in Illustris, only
the sub-grid physics (primarily star formation and feedback) is al-
terable a priori, by design. Hence, we will consider each simulation
separately here.
The Illustris simulation significantly over-predicts the abun-
dance of very massive galaxies (as seen in Fig. 7). As such, the
AGN radio-mode feedback prescription, utilised to quench mas-
sive galaxies, is not sufficiently efficient in the sense of quenching
star formation early enough in the history of a given galaxy’s evolu-
tion. However, in terms of impact on the gas in haloes, the Illustris
feedback prescription is actually too efficient, yielding essentially
gas-less cluster environments in stark contradiction to observations
(e.g., Vogelsberger et al. 2014b, Genel et al. 2014). These well
known problems inherent with the Illustris feedback model may
be at the heart of the failure of Illustris to form bulge-dominated
structures in the right abundance, as explained below.
For the evolution of galaxy structure, inefficient quenching
will lead to excessive re-growth of disks after galaxy mergers, pre-
venting the formation of pure spheroidal systems. The dearth of
ellipticals in Illustris, as well as the under-production of high B/T
composite systems, may thus be explained primarily due to the lack
of successful quenching of high mass galaxies. In the new Illustris-
TNG project (e.g., Springel et al. 2018, Nelson et al. 2018) consid-
erable effort has been made to improve the AGN feedback model. A
particular focus has been placed on getting the multi-epoch stellar
mass function and hot gas fraction in haloes simultaneously correct.
However, a key additional test of the success of the new feedback
model will be to ascertain whether the structures of galaxies are
better reproduced as a function of mass than in the original Illustris
simulation. This structural test will also have the distinct advantage
of not being correct by design.
In LGalaxies, the stellar mass function slightly under-predicts
the abundance of massive galaxies (see Fig. 7); hence, increasing
the strength of the AGN feedback model would not improve agree-
ment with observations. Thus, we must search for another avenue to
improve the agreement with structures in the SAM. Bulge growth
is driven primarily by mergers, where the merger rate of dark mat-
ter haloes is set externally by the Millennium Simulation and can-
not be altered in LGalaxies. Galaxies merge in line with their dark
matter haloes, although the timescales are different due to baryonic
effects. More specifically, the merging of galaxies is modelled via
the Chandrasekhar formula, with a tuneable free parameter fit via
galaxy pair studies (e.g. Mundy et al. 2017). Consequently, the un-
derlying galaxy and halo merger rate is highly constrained in the
SAM, and not possible to vary freely. As such, the impact of merg-
ing on bulge formation is governed to a large extent by the threshold
for major mergers (µ > 1/10), which is already very low in value.
In major mergers, all extant stars and gas (of both interacting galax-
ies) end up in a bulge/ spheroid. Hence, the impact of merging on
bulge formation is already most likely at a maximum in LGalaxies.
Therefore, additional mechanisms to mergers must be considered
in order to increase the efficiency of bulge growth, to better agree
with observations (e.g., Figs. 8 & 9).
In the current implementation of LGalaxies, violent disk insta-
bilities occur but only at a minimal level, i.e. when a disk becomes
kinematically unstable, just enough matter is transferred from the
disk to the bulge to achieve stability. Feasibly, up to the entire mass
of the disk can be transferred to the bulge in a disk instability (e.g.,
Zolotov et al. 2015, Somerville et al. 2015). Therefore, an obvious
place to start in improving the structural evolution in LGalaxies is
to make the transfer mass in a violent disk instability a tuneable pa-
rameter, and to fit this to structural/ morphological data (Bluck et al.
in prep.). Additionally, increasing the efficiency of star bursts can
also give rise to slightly higher bulge masses and hence B/T values.
Interestingly, the effect of increasing the potency of disk instabil-
ities and star bursts will both impact intermediate mass galaxies
the most (which have the right combination of high mass disks and
high gas fractions). This is precisely the regime where the largest
discrepancies with observations are found in Section 5, and hence
is highly encouraging for this approach.
A broader issue, which affects both hydrodynamical simula-
tions and SAMs, is that morphologies and structures are not fre-
quently used to tune feedback models. Part of the reason for this
omission is that, historically, measurements of galaxy morphol-
ogy and structure have been quite subjective (e.g. dependent upon
observed waveband or astronomers’ visual judgment). Throughout
this paper, the use of computationally determined multi-wavelength
and stellar mass bulge-to-total ratios (B/T) allow us to significantly
improve on the objectivity of measured galaxy structure, enabling a
robust comparison to simulations. This process has revealed a sig-
nificant tension between observations and simulations at present,
which, in the final analysis, is perhaps unsurprising given that struc-
ture has not been used to inform the sub-grid physics of the mod-
els. Therefore, an obvious solution for the future is to carefully test
the impact of sub-grid physics on the production of galactic struc-
tures, in addition to the more commonly used diagnostics (i.e. stel-
lar mass, star formation and colour).
7 SUMMARY
In this paper we perform a detailed analysis of the structures of
∼ 0.5 million galaxies at z < 0.2 taken from the SDSS DR7.
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Throughout we use a definition of galactic structure as bulge-to-
total stellar mass ratio, (B/T)∗, which indicates the ratio between
bulge mass and total stellar mass. This parameter is superior to
structural measurements by light (e.g., optical B/T ratios, Se´rsic
index and by-eye classification) since it traces the underlying mass
distribution in galaxies and, more specifically, the segregation
of stars into the dominant bulge and disk components. One
particular advantage of using a structural parameter sensitive to
mass rather than light, is that it mitigates concerns that correlations
between star formation and structure are a trivial result of optically
measured galaxy structures tracing star forming regions directly.
Our primary results are as follows:
• We confirm prior results by finding a close connection between
galactic star formation (measured by sSFR & ∆SFR) and galaxy
structure (measured by (B/T)∗). Our use of a mass weighted defini-
tion of structure further indicates that the tight connection between
star formation and structure is not due to bright star forming re-
gions dominating optical structural measurements (see Figs. 1 & 2).
• For central galaxies, we find strong correlations between (B/T)∗
and stellar mass, halo mass, and sSFR. Similarly strong correla-
tions are found for satellites with stellar mass and sSFR, but not for
halo mass. For all galaxy types, there is a much weaker correlation
between galactic structure and local density than with intrinsic
galaxy properties (see Fig. 3).
• At a fixed stellar mass, we find subtle yet significant additional
correlations with environment (local density, halo mass, location
within the halo) for satellites. For centrals, significant deviation
from the dominant stellar mass relationship is only seen with local
density, in the most over-dense regions. For all galaxy types, there
is a strong dependence of galaxy structure on sSFR at a fixed
stellar mass (see Fig. 4).
• We rank the strength of connection between galaxy structure,
(B/T)∗, and various other galaxy and environmental parameters via
an ANN regression analysis in Section 4. We conclude that ∆SFR
followed by stellar mass are the most important variables for
determining (B/T)∗ for all galaxy types. Environmental parameters
are significantly less predictive of galaxy structure than intrinsic
parameters for all types of galaxies. However, environment is
slightly more predictive of (B/T)∗ for satellites than centrals,
whilst intrinsic parameters are significantly less predictive of
galaxy structure for satellites than centrals. In Appendix C we
consider two alternative methods for ranking the parameters,
which both lead to very similar conclusions.
• We compare the observed (B/T)∗ distributions and structural
fraction relationships with stellar mass to predictions from the
LGalaxies model and the Illustris hydrodynamical simulation in
Section 5. The main trend of increasing bulge-dominance with
increasing stellar mass is reproduced in both simulations. However,
both LGalaxies and Illustris seriously under-predict the fraction
of bulge-dominated galaxies for the whole population, and as a
function of stellar mass. Furthermore, the majority of quenched /
passive galaxies in both simulations are disk-dominated, unlike in
the SDSS (see Table 1). Thus, even though Illustris and LGalaxies
successfully match many statistical properties of galaxies (e.g.
Henriques et al. 2015; Vogelsberger et al. 2014a,b), there is still
much work to be done with respect to structure and morphology.
In the appendices we present a number of additional checks,
tests and resources. Specifically, in Appendix A we discuss the
reliability of our bulge-disk decompositions; and in Appendix B
we compare structures by mass with structures measured in opti-
cal bands. In Appendix C we explore the consistency of alternative
ranking schemes for the observational parameters.
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APPENDIX A: RELIABILITY OF THE B/T
MEASUREMENTS
A1 Summary of Prior Work – Comparison to Simulated
Galaxy Images & The Impact of Pseudo-Bulges
The original SDSS photometric bulge-disk decompositions for g-
and r- band were performed in Simard et al. (2011) for ∼ one mil-
lion objects. This work was expanded upon to compute bulge-disk
photometric decompositions for the other SDSS bands in Mendel et
al. (2014). Additionally, Mendel et al. (2014) compute the masses
of galaxies and their component bulges and disks via SED fitting
to the multi-wavelength bulge-disk decompositions. We refer the
reader to these publications for a full explanation of the methods
used, and for many detailed checks on the reliability of these struc-
tural measurements. Briefly, the accuracy of photometric B/T ratios
is estimated to be∼0.15-0.2 per galaxy (depending on wavelength),
and the accuracy of bulge and disk masses is estimated to be on av-
erage ∼0.1 dex, not including issues of choice of IMF or stellar
population synthesis code. Including these issues would increase
the uncertainty of masses to approximately 0.2 dex.
In Mendel et al. (2014) ∼25,000 simulated bulge-disk galaxy
images were constructed. The simulated galaxies were re-analysed
through the same GIM2D package as the observational data. Sim-
ulated galaxies were placed randomly into realistic SDSS back-
grounds, dimmed to their appropriate brightness for randomly se-
lected redshifts drawn from the SDSS distribution, and the im-
ages were degraded to the resolution of the SDSS, with back-
ground noise introduced. In the appendix of Bluck et al. (2014,
hereafter B14) a number of tests were performed using these simu-
lations, which are particularly pertinent for testing the reliability of
the bulge-disk decompositions, and their application to the science
goals of this paper. We briefly summarise them in the remainder of
this sub-section.
In B14, we find that the measured B/T values (in r-band)
agrees with the input B/T of the simulated galaxy images with an
average standard deviation of σ = 0.17. Furthermore, the recov-
ery of B/T values is not significantly biased in any direction, with
a mean difference between measured and input values of < 0.05.
Given the lack of bias, and the very high number of galaxies used in
this sample (∼ 0.5 million), the accuracy of mean B/T for a given
bin or sample is extremely high. Furthermore, throughout the anal-
yses of this paper we often consider the fraction of galaxies above
or below the B/T = 0.5 line (i.e. those which are bulge- or disk-
dominated). The accuracy achieved by the bulge-disk decomposi-
tions is more than sufficient for this purpose.
In B14, we also test whether the accuracy of measuring model
B/T values is significantly affected by galaxy size on-sky (in pix-
els) or by galaxy apparent magnitude. We find only a very weak
dependence on these two observational features, with B/T recov-
ered within an accuracy of <0.08 for the faintest and smallest im-
aged simulated galaxies. We also consider the possibility of mea-
suring erroneously sub-components in single component systems,
by analysing bulge-disk decompositions of single Se´rsic images
(performed in Mendel et al. 2014). We find that pure Se´rsic model
galaxy images with n > 4 often have a disk component added in
erroneously by the code. These systems (which are pure ellipticals
by design) are invariably still classed as bulge-dominated, although
they have a mean B/T∼ 0.7 instead of the desired B/T = 1. To com-
bat this we designed a ‘false disk’ correction routine (explained in
Section 2, and in more detail in B14). Application of this technique
corrects the vast majority of erroneous disks in the sample, and ad-
ditional checks introduced in Thanjavur et al. (2016) ensure that
virtually all real disks remain unchanged. It is important to empha-
sise here that the false disk corrections have no effect on the fraction
of bulge- or disk-dominated systems, since only bulge-dominated
systems can have their disks removed in the correction routine.
Finally in B14, we also test what impact a free-n bulge (as op-
posed to n = 4) model would have on the bulge-disk decomposi-
tions. In B14 Fig. D1 we find that at (B/T)n=4 > 0.3, the free-n and
n = 4 models agree very closely in their measurements. Below this
threshold the free-n model yields in general higher B/T ratios than
the n = 4 model. However, crucially, the Se´rsic indices of these
galaxies are typically very low, indicating that they are pseudo-
bulges not classical bulges (e.g., Kormendy et al. 2010). Ultimately,
it is the latter we are concerned with in this paper. Relocating galax-
ies with a bulge component Se´rsic Index n < 2 to a B/T = 0 (i.e.
restricting to classical bulges only) yields an excellent agreement
between free-n and n = 4 measurements throughout the full range
in parameter space (i.e. at all values of B/T, M∗ and zspec). Fur-
thermore, introducing the false disk correction (mentioned above)
improves the agreement between the models even more. Thus, for
classical bulges in our false disk corrected sample (the sample used
in this paper), the n = 4 and free-n models agree within a mean
difference of 0.02 and standard deviation of ∼ 0.1.
In summary of this section, many tests of the bulge-disk de-
compositions used in this paper are already presented in the liter-
ature. Taken together, these studies show that our decompositions
reliably recover the B/T values of simulated galaxies, imaged as if
part of the SDSS. Furthermore, we find the use of a fixed n = 4
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Figure A1. The fraction of spheroidal (bulge-dominated) galaxies as a function of stellar mass in the Stripe-82 field. Bulge dominance is defined throughout
this figure in r-band as: (B/T)r > 0.5. On both panels, the red lines shows the results for the standard SDSS depth. The cyan and blue lines both show
this relationship evaluated with the ∼ 2 magnitude deeper Stripe-82 survey. On the left panel the cyan line shows the results from an n = 4 bulge model
decomposition (as in our SDSS sample). On the right panel, the blue line shows the results from a free-n bulge model, restricted to classical bulges (i.e.
galaxies with nbulge < 2 are set to B/T = 0). The agreement between these relationships are generally very good, with an average difference in the fraction of
spheroidal galaxies of < 5%.
bulge model accurately reproduces the B/T ratios of a free-n bulge
model throughout the full range of parameter space, provided we
restrict our definition to classical (nbulge > 2) systems. As such,
in the analyses of this paper we concentrate on classical bulges and
ignore pseudo-bulges (treating these as effectively part of the disk).
Moreover, given that we concentrate mainly on bulge mass ratio
in this paper, the fact that pseudo-bulges are typically very blue
and hence have low mass-to-light ratios further justifies our lack of
concern with these objects in the present analysis. In any case, the
effect of pseudo-bulges would have very little impact on our results
since the B/T ratios of galaxies with nbulge < 2 are typically low,
i.e less than B/T = 0.5, in which case they are dominated by a disk,
exactly as we treat them to be.
A2 Measuring B/T with Deeper Imaging: Stripe-82
Although we have established the reliability of the bulge-disk de-
compositions in prior work (discussed above), a persistent concern
is the question of whether or not utilising different data would affect
the measurement of structure. The most important variable is that
of depth of the imaging. Fortunately, the SDSS has a region with
substantially deeper imaging than the rest of the survey: Stripe-82.
In this region, a follow-up survey to the legacy SDSS achieved an
increase in depth of between 1.6-1.8 magnitudes. In Bottrell et al.
(2018), a GIM2D bulge-disk decomposition of 16,700 galaxies is
performed in r- and g-band. Bottrell et al. find measured B/T val-
ues from the SDSS-depth data and the deeper Stripe-82 data are
similar, typically in agreement within∼ 0.2 (consistent with the er-
rors). Values of B/T near the extremes of the distribution are largely
unaffected; however, galaxies with intermediate B/T values in the
SDSS are generally scattered to higher values in the deeper data by
on average ∼ 0.05 - 0.1. Full details on this analysis is provided
in the upcoming Bottrell et al. (2018). Overall, most galaxies have
similar B/T values in both surveys, and the distribution of B/T is
also very similar (see Fig. 7). This is encouraging and suggests that
our results should be largely unaffected by depth of imaging.
In this section we briefly consider whether the results of this
paper would be significantly affected by increasing the depth of the
SDSS. Specifically, we show in Fig. A1 the fraction of spheroidal
(bulge dominated galaxies, with B/T > 0.5) as a function of stellar
mass (evaluated in r-band). On both the left and the right panel,
the red lines show our fiducial SDSS result, restricted to the Stripe-
82 region of the sky. On the left panel of Fig. A1 we additionally
show the result from the Bottrell et al. analysis of the deeper Stripe-
82 survey for an n = 4 bulge model. The relationship between
the fraction of spheroidal galaxies and stellar mass is very similar
between these two data sets. In fact the mean difference is only ∼
0.03. In the right panel of Fig. A1 we show the same comparison
between the SDSS and Stripe-82, but this time comparing our n =
4 bulge model to a free-nmodel in Bottrell et al.. As with the n = 4
model, the two relationships agree very well with a mean difference
of only ∼ 0.03511.
Fig. A1, taken as a whole, indicates that: 1) deeper imaging
would not significantly impact the measurement of structure in this
work; and 2) the use of a free Se´rsic bulge model would yield es-
sentially identical results to our n = 4 model, with the sole restric-
tion that pseudo-bulges (with nbulge < 2) are treated exclusively
as disk-dominated systems. Additionally, given that the recovery
of B/T ratios in simulated galaxy images is performed equally well
throughout the range of apparent (on-sky) galaxy sizes, it is un-
likely that resolution effects would impact our results either (see
Bluck et al. 2014). Thus, in summary, we find our bulge-disk de-
compositions to be robust to depth, resolution and model methodol-
ogy. Furthermore, our analysis also benefits from the Simard et al.
(2011) / Mendel et al. (2014) structural catalogues being the largest
currently available in extragalactic astrophysics. This affords us a
significant statistical advantage in analysing the structural depen-
dence on other galactic and environmental properties in this work.
11 Note that this is a positive shift in bulge dominance, which (although
small) would slightly worsen the agreement with simulations and models.
Given that our primary result is the poor reproduction of galaxy structure in
modern simulations, it is important to stress that issues regarding depth do
not help to alleviate this disagreement
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APPENDIX B: OPTICAL VS. MASS STRUCTURES
In this appendix we investigate how our primary observational re-
sults (from Section 3) would change for a photometric definition of
B/T instead of the stellar mass ratio we most frequently consider in
the main body of the paper.
In Fig. B1, we plot stellar mass bulge-to-total ratio against the
bulge-to-total light ratio in each of the u, g, r, i−bands. This figure
highlights the differences between measures of structure by mass
and light. On each panel, the 1:1 line is shown for comparison. In
general, B/T by light is lower than B/T by mass throughout the
optical spectrum. The magnitude of the discrepancy increases with
decreasing wavelength of photometric band. In i-band there is a
relatively tight relationship (σ = 0.12) offset to higher B/T values
in mass by ∼ 0.2. In contrast, in u-band the relationship is both
significantly less tight (σ = 0.24) and significantly more offset to
higher B/T values in mass (by ∼ 0.45). At optical-to-near-infrared
wavelengths, the redder the band the tighter the correlation with
B/T by stellar mass. Although it would be possible to use these
relationships to estimate structural parameters by mass from optical
wavebands, the results of such an approach would be heavily SED
dependent (e.g., different for star forming and quenched systems,
as seen in Fig. 9), and hence is not advised.
Next, we investigate the relationship between the fraction of
bulge- and disk-dominated galaxies as a function of stellar mass,
for optical wavebands in comparison to mass defined structure.
Specifically, in Fig. B2 we show this relationship, with bulge- and
disk-dominance defined variously by stellar mass (as in the main
body of the paper) and by each of the SDSS wavebands. That is,
bulge-dominated galaxies are defined as having (B/T)X > 0.5 and
disk-dominated galaxies are defined as having (B/T)X < 0.5, where
X represents each of the four photometric bands (u, g, r, i) and
stellar mass as indicated on the legend of Fig. B2.
The crossover from disk to bulge dominance in light (pho-
tometric B/T bands) occurs at higher stellar masses than for B/T
defined by stellar mass. Furthermore, there is a systematic shift to
higher stellar mass at structural crossover with decreasing wave-
length of photometric band, whereby the lowest stellar mass at
structural crossover is found in i-band, and the highest stellar mass
at structural crossover is found in u-band. This indicates that red
light in a galaxy is preferentially originated in bulge structures, and
blue light is preferentially emitted from disk structures. Given that
the mass-to-light ratio is higher at redder wavelengths in a galaxy,
the systematic increase in measured B/T with wavelength naturally
explains the higher B/T values in stellar mass than in any optical
waveband. The mass distribution of a galaxy is best approximated
photometrically by K-band (e.g., Cowie et al. 1996, Bundy et al.
2006), and thus one might predict that at this wavelength the optical
and mass determined structural fractions will closely coincide.
We have performed the optical structural analysis of Fig. B2
on the other parameters shown in Fig. 3 as well (halo mass, lo-
cal density and sSFR), but we do not show these results here for
the sake of brevity. The results for the other parameters are qual-
itatively similar to that of stellar mass. Specifically, the crossover
halo mass of centrals occurs at progressively higher masses with
decreasing wavelength, with stellar mass defined structure having
the lowest halo mass crossover. For sSFR, the crossover from bulge
to disk dominance occurs at progressively lower sSFR values for
decreasing wavelength of optical band, and the stellar mass struc-
ture definition has a crossover at the highest values of sSFR. All of
these results are qualitatively similar to what we have already seen
with stellar mass in Fig. B2.
Taken together, our results on the structural fraction depen-
dence on waveband highlight the importance of working with stel-
lar mass derived structural quantities, since the wavelength of light
analysed significantly affects the measurement of B/T ratio. When
comparing to simulations and models, a mass definition of structure
should be used in most cases, unless substantial effort is expended
to mimic the photometric properties of realistic galaxies (as in Bot-
trell et al. 2017a,b). When comparing between optical surveys, care
must be taken to make comparisons in the same rest-frame wave-
length, or, where possible, to convert to a stellar mass defined struc-
ture rather than an optically dependent structural parameter. Failure
to take the structural dependence on wavelength into account will
lead to potentially significant systematic differences between ob-
servations at different rest-frame wavelengths.
APPENDIX C: ALTERNATIVE RANKINGS OF
PARAMETERS
In this appendix we consider two alternative statistical methods for
ranking the observed galaxy and environmental parameters as pre-
dictors of galaxy structure. Specifically, we show results from 1)
a correlation strength analysis, and 2) an artificial neural network
classification analysis. Both of these methods are not identical in
methodology or interpretation to the main ANN regression anal-
ysis presented in Section 4, hence we ought not to expect identi-
cal results. Nonetheless, these approaches are similar in nature (all
three aim to assess how closely connected galactic structure is to
each parameter in turn) and thus a reasonable level of consistency
in their rankings would be advantageous in establishing the under-
lying physical connection between the parameters.
C1 Correlation Analysis
We perform a correlation analysis of galactic structure (B/T) with
the same parameters as used in the regression analysis (Section 4).
The input dataset is taken as the full volume weighted sample of
galaxies at 9 < log(M∗/M) < 12. Two complementary ap-
proaches are used - 1) the Spearman Rank Correlation Coefficient
(CC), which gives the strength of correlation between any two vari-
ables; and 2) the Partial Correlation Coefficient (PCC), which gives
the strength of correlation between any two variables at a fixed third
variable. The advantage of the second approach is that it allows us
to hold fixed certain parameters while ascertaining how strongly
other parameters affect galactic structure. In this sense the PCC
analysis is similar to the ∆(B/T)∗ analysis of Sections 3, and the
CC analysis is closely related to the global trends of Section 3 and
the ANN regression rankings of Section 4.
The PCC is defined (e.g., Bait et al. 2017) as:
ρXY.Z =
ρXY − ρXZρY Z√
1− ρ2XZ
√
1− ρ2Y Z
(C1)
where, for example, the CC for X,Y is defined as:
ρXY =
Cov(X,Y )
σXσY
(C2)
and the weighted covariance is given most generally by:
Cov(X,Y ) =
1
N∑
i=1
wi
N∑
i=1
wi(Xi − E(X))(Yi − E(Y )). (C3)
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Figure B1. The relationship between bulge-to-total stellar mass ratio and, from top left to bottom right: bulge-to-total light ratio measured in u, g, r and i-band.
In each panel density contours are shown as faint blue lines, the running median relation is shown as coloured circles, and the inter-quartile range is indicated
by the error bars. A least squares linear fit, of the form y = mx + c, is produced for each relation (shown as a dashed magenta line, with the parameters
shown on each panel). The dispersion (σ) is indicated on each panel for the linear fit. Additionally, the 1:1 relation is marked as a solid black line on each
panel for comparison. In general, stellar mass B/T ratios are higher than photometric B/T ratios, particularly at low to intermediate values. Furthermore, the
shift away from the 1:1 line increases with decreasing wavelength of optical waveband: the tightest agreement with stellar mass is found for i-band and the
poorest agreement is found for u-band.
Table C1. Comparison of Rankings of Variables for Predicting Galaxy Structure
Centrals Satellites Inner Satellites
Regression Classification Correlation Regression Classification Correlation Regression Classification Correlation
∆SFR 1 2 1 1 1 1 1 1 1
M∗ 2 1 2 2 2 2 2 2 2
MHalo 3 3 3 5 4 =3 3 3 3
SFR 4 4 4 3 3 =3 4 4 =4
δ5 5 5 5 4 5 =6 5 5 =4
Dcc - - - 6 6 =6 6 6 6
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Figure B2. The fraction of galaxies which are bulge- and disk-dominated
plot as a function of stellar mass, for the full SDSS sample. Bulge domi-
nance is defined as: (B/T)X > 0.5, whereX = stellar mass, and each of the
u, g, r, i SDSS wavebands, as indicated on the legend. Typical errors on
the structural fractions are ∼ 2-5%, but are omitted on this plot for clarity.
E(X) is the weighted expectation value of variable X , σX is the
weighted standard deviation of variable X , and the weight, wi, is
taken to be the inverse volume over which any given galaxy would
be visible in the survey (1/Vmax) which is a function of stellar mass
and colour (see Mendel et al. 2014).
In Fig. C1 (top panel) we present the results for our corre-
lation analysis. The X-axis shows the same variables as used in
the regression analysis (Fig. 5), ordered in the same way. Central
galaxies are shown in blue, satellite galaxies are shown in red, and
inner satellite galaxies are shown in green. Translucent bars (which
reach in general higher than the opaque bars) represent the corre-
lation coefficient (CC), with opaque bars indicating the PCC, eval-
uated at a fixed stellar mass. Given the definitions above, PCC 6
CC in all cases. For all galaxy types, ∆SFR and stellar mass are the
most highly correlated with galactic structure (B/T). Environmen-
tal parameters exhibit in general weaker correlations than intrin-
sic parameters, for all galaxy types. However, satellites and inner
satellites have higher correlations between B/T and environmental
metrics than seen in centrals.
The rankings for the correlation analysis are compared to the
rankings from the fiducial regression analysis in Table C1. Within
the respective errors of the measurements, all parameters for all
types of galaxies are identically ranked for these two statistical ap-
proaches. However, in the correlation analysis there is a lack of
separation in performance witnessed for the middle ranked vari-
ables (i.e., halo mass, SFR and local density), particularly for satel-
lites and inner satellites. A possible explanation for this small dif-
ference, is that the correlations are implicitly assumed to be linear
in the (P)CC analysis, whereas the ANN can fit any mathematical
function to the data. As such, it is natural to expect that the trained
network might be more discerning than a linear fit.
An additional insight we gain from the top panel of Fig. C1 is
the strength of correlation at a fixed stellar mass. For all types of
galaxies, ∆SFR is highly correlated with B/T, even at a fixed stellar
mass. Although much weaker in strength, the correlations between
B/T and environment also remain when evaluated at a fixed stellar
mass. These findings are qualitatively consistent with the results
shown in Section 3.3. Taken together, these results imply that the
star forming state and environment of galaxies have a significant
impact on the structures of galaxies at a fixed stellar mass.
C2 ANN Classification
In Fig. C1 (bottom panel) we show the results of an ANN clas-
sification analysis to predict galaxy structural types, from a set of
other galaxy parameters, taken individually (as indicated in the leg-
end). Specifically, we classify galaxies into early-types (with B/T
> 0.5) and late-types (with B/T < 0.5). Although this analysis is
similar to the regression analysis, note that it may contain, in prin-
cipal, different information. In the regression analysis we focus on
predicting individual B/T values, whereas in the classification anal-
ysis our goal is to determine which category each galaxy ought to
fall in, based on a set of parameters other than B/T itself. In the
regression analysis, accuracy in B/T determination is equally im-
portant at all values of B/T, whereas, in the classification analysis,
in general only whether B/T is high or low is important. As such,
it is informative to see how the two analyses compare - one might
expect them to be similar, but there is certainly no requirement for
the rankings to be identical.
The X-axis of Fig. C1 (lower panel) shows the same set of
variables as utilised in the ANN regression analysis of Section 4,
ordered in the same way. The Y -axis here shows the percentage of
correctly classified galaxies, into early- and late-types. The max-
imum performance of the network, run with all eight parameters,
yields a an accuracy of 75 - 80%, dependent on galaxy type. Given
the intrinsic error in B/T in the training sample (∼ ± 0.2), this is
a reasonably good performance, and would formally be classed as
‘acceptable/ good’ in the machine learning literature (e.g., TBE).
The raking of parameters in terms of their effectiveness at pre-
dicting the structural class of galaxies is almost identical to the re-
gression and correlation cases. These rankings are all shown to-
gether for comparison in Table C1. The most significant difference
is that, for centrals, ∆SFR and M∗ switch their ordering in clas-
sification compared to regression and correlation. However, both
parameters remain superior to any other variable in all approaches.
The explanation for this small difference is likely that, in both the
regression and correlation analysis, all values of B/T are equally
important, whereas in classification it is most important to get the
range around B/T = 0.5 correct. Thus, the extremes can be inac-
curately measured, so long as the network identifies that they are
either high or low. If this is the cause of the discrepancy, most prob-
ably this indicates that ∆SFR is more discriminating of B/T in the
wings of the distribution, but around the centre of the distribution
M∗ is more tightly coupled to B/T in centrals than ∆SFR.
The high degree of consistency between all three statistical
methods for ranking galaxy and environmental parameters in terms
of how closely connected they are to galactic structure is encourag-
ing, and suggests that this ordering may be physical in origin. That
is, the most connected properties to B/T structure are potentially
causally related in some manner (see Section 6 for further specula-
tion on this point).
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Figure C1. Top panel: Strength of correlation between B/T structure and various galaxy and environmental parameters (as indicated on the X-axis). Translu-
cent bars indicate the Spearman rank correlation coefficient (CC) and opaque bars indicate the partial correlation coefficient (PCC), evaluated at a fixed stellar
mass. The ordering from most correlated to least correlated closely mimics that found for the regression analysis in Fig. 5. Bottom panel: Results from an
ANN classification of galaxies into bulge- and disk-dominated systems. The X- axis shows the variables under consideration, and the Y -axis indicates the
percentage of correct classifications achieved by the network using each parameter, or set of parameters, in turn. The ranking via classification is very similar
to that by correlation (above) and to the ANN regression run, described in Section 4.
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